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Abstract
An empirical investigation into current and future overheating frequency in nZEB and
Passivhaus dwellings in Ireland
by Evan Finegana
supervisors: Prof. Ger Kellya & Dr. Garrett O’Sullivanb
aDepartment

of Mechanical, Biomedical and Manufacturing Engineering, Munster
Technological University
bDepartment Architecture, Munster Technological University
The European Performance of Buildings Directive (EPBD) 2011, ensures that all
new Irish dwellings designed after 01st November 2019 are nearly zero energy (nZEB)
dwellings. The Passive House (PH) standard has been the most commonly applied energy
standard across the globe in recent decades, while overheating is identified as a growing
issue in nZEB and PH dwellings. The EPBD requires all dwellings to be designed to reduce
energy consumption, while considering general indoor climate conditions to avoid the
negative effects of overheating. Overheating frequency simulations are not mandatory
for dwellings under Irish legislation. Anticipated climate change trends will result in
increased overheating in all dwellings in the coming decades.
Following a state of the art literature review, this research focuses on a
quantitative investigation of overheating frequency, in a standalone suburban dwelling
located in Douglas, Cork, Ireland. The dwelling has a PHPP simulated space heat demand
of 14.6kWh/m2.yr, while meeting nZEB standards. Temperature readings are recorded
in each of the six habitable spaces between March 2016 and March 2017. Simultaneous
measurements for outdoor air temperature and solar radiation are recorded. The
analysis and evaluation of data, comprises a three tiered approach including; long-term,
medium-term and short-term analysis of measured and PHPP simulated overheating.
Averaging all measured temperatures from the different dwelling spaces to align
with the PHPP simulated average dwelling temperature, cancels out 56.1% of
overheating in bedroom zones across the year. The long-term analysis identifies that a
medium emissions climate change scenario, will result in increased overheating in the
test dwelling from 9.10% in 2020, to 31.91% by 2100. A high emissions scenario may
result in an increase to 41.18% by 2100. The short-term analysis identifies that
overheating is experienced at daytime peak outdoor temperatures as low as 11.2°C,
while peak global solar radiation is measured at 716W/m² on the same day. The findings
suggest that the impacts of climate change are ignored with the use historic climate data
in Passive House Planning Package (PHPP), and monthly averages overlook the impact
of extreme days in any month. The research findings propose that a more robust
methodology for simulating overheating in passive house dwellings is necessary, while
design of nZEB dwellings should include a mandatory overheating simulation.
Keywords: nZEB; Passive house; overheating; climate change
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Chapter One
Introduction
1.0

Introduction
This research investigates the extent of overheating in dwellings constructed to

Nearly Zero Energy Building (nZEB) and Passivhaus (PH) standards, in a temperate
European climate, while identifying key issues in how overheating is simulated in nZEB
and PH dwellings. Various temperature thresholds, depending on the referenced
standard, define overheating in buildings. The definition for overheating in this research
is derived from various existing standards and outlined as follows: Overheating in
buildings occurs when an optimum or maximum operational temperature is breached
within a building, or part of a building (American Society of Heating, 2017; Parand, 2015;
Nicol and Spires, 2013).
One of the aims of this research is to develop recommendations to improve
overheating simulations within dwellings. These recommendations will inform a more
robust methodology than currently exists, to predict how overheating will occur in new
dwellings across the year, while accommodating current and future climate scenarios.
Existing research shows that a gap exists between simulated and measured overheating
patterns in dwellings. This research aims to identify improved simulation methods which
will contribute to narrowing the gap between simulated overheating frequency and
measured overheating frequency. As a result, overheating simulations could become
more closely aligned with overheating periods which are currently measured in low
energy dwellings. The redevelopment of simulation tools to predict overheating will
provide more informative simulations to allow dwelling designers to reduce the impact
of overheating on nZEB and PH dwellings.
This chapter outlines the background to the research, motivation for the
research, and a guide to the Thesis.
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1.1

Background
In recent decades there has been a shift within the Irish construction industry to

promote a reduction in fossil fuel consumption and associated CO2 emissions in
buildings. Data released annually by the Sustainable Energy Authority of Ireland
indicates that energy consumption in Ireland has been declining in recent years.
Between 1990 and 2014 primary energy consumption in Ireland peaked in 2008 (Howley
et al., 2015). There has been a steady decline in energy consumption since 2008 across
all sectors, much of which could be attributed to the occurrence of a major recession.
However, this decline is not proportional across all sectors. Howley et al. (2015) identify
that as a percentage of total energy consumption in Ireland, the residential sector has
shown a decrease from 31.8% of total national energy consumption in 1990, to 24.9%
of total national energy consumption in 2014. This demonstrates the impact of the
European Performance of Buildings Directive (EPBD), and similar legislation developed
on a global basis, in response to which Irish Building Regulations, Part L, Conservation of
Fuel and Energy were revised after 2002.
Low energy design standards for buildings, such as that of Part L of the Irish
Building regulations, increase a buildings capacity to retain heat in order to reduce
winter time heating demand (Department of the Environment, 2019). As a better
insulated building envelope retains heat much more effectively, there is increased
potential for overheating, and a necessity to implement overheating mitigation
strategies. This has been demonstrated in various post occupancy evaluation studies, to
assess overheating in Passivhaus dwellings, one of which showed excessive levels of
overheating in Passivhaus apartments in the UK in 2015 (Tabatabaei Sameni et al.,
2015).
While the main focus of the European Performance of Buildings Directive is on
reducing building linked CO2 emissions, through a reduced reliance on the combustion
of fossil fuels used to heat buildings, Article 4 of the 2011 EPBD requires that low energy
design standards address the potential for overheating alongside energy conservation
measures. Article 4 of the EPBD stipulates that low energy building standards should be
generated within each EU member state, to consider general indoor climate conditions,
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and these standards should ‘avoid negative effects’ associated with such standards
(Council of the European Union, 2010).
The main focus of this research is on the implementation of low energy
standards, and how these standards emphasise a reduction in heat demand during
colder periods, while putting a much lesser emphasis on overheating during warmer
periods. This issue is explored through a state-of-the-art literature review, followed by
a quantitative study which aims to identify the extent of overheating in an Irish dwelling
which meets nZEB standard. The impact of low energy building standards on
overheating is becoming a more prominent issue in the UK, as referred to in a paper by
McLeod et. al in 2013. The findings of the paper identify issues related to overheating in
Passivhaus and low energy buildings generally (McLeod et al., 2013). When low energy
standards are considered in tandem with climate change predictions, there may be an
increased necessity to incorporate overheating mitigation strategies in low energy
buildings (Watkins and Levermore, 2011). This research aims to identify the extent of
overheating in a current dwelling, and to predict how overheating occurrences may vary
in the future. In order to assess a buildings potential overheating frequency, each
element of the building fabric must be accounted for, to determine how the building
permits solar energy to enter the spaces during the cooling season, and how the
envelope then contains this energy (Hollick et al., 2020). The impact of these building
related parameters are examined in this research, to provide a clear understanding of
the correlation between the building, and how it reacts to solar gain during periods of
overheating.
Passivhaus standard has become a widely referenced low energy building
standard across the globe in recent years, with over 5,500 registered buildings across
the globe, and thousands more constructed to this standard (Passive House Institute,
2019b). The requirements for meeting Passivhaus standard are such that a building does
not exceed a space heat demand or cooling demand of 15kWh/m2.yr, or have a heating
or cooling load in excess of 10W/m2 (Mlecnik, 2013). This is assessed using Passive House
Planning Package (PHPP), which assesses space heat demand alongside overheating
frequency (Feist et al., 2013). This method is preferable to the mandatory Dwelling
Energy Assessment Procedure (DEAP) in Ireland, as the DEAP assessment, which is
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implemented to meet EPBD requirements, does not assess the overheating frequency
of a dwelling (Sustainable Energy Authority of Ireland, 2019). PHPP is used in the
quantitative analysis within this research, in order to identify the impact of low energy
design on overheating. PHPP is preferred over dynamic thermal simulations (DTS), as
DTS approaches are not commonly applied to assessing the design of dwellings in
Ireland. These approaches to assessing overheating also do not provide for a single
simulation which assesses the heat demand and overheating frequency of a building
simultaneously, as a DEAP/PHPP assessment would need to be provided for separately
.
While the Passive House approach aims to maintain temperatures below 25°C
for 90% of a typical year, and CIBSE TM52 provides recommended variable thresholds
for overheating based on outdoor temperature, the issue of thermal health may be
overlooked within both standards. The impact of increased overheating is not just a
building related issue, but a public health issue. Healthy conditions for living
environments are defined by the World Health Organisation as being between 18°C and
24°C, above which cardiovascular stress may be induced (Dengel and Swainson, 2012).
This issue is also explored within this research to identify the variation in overheating at
a reduced fixed threshold of 24°C.
While minimising the impact of buildings on climate change is a priority for the
international economy, climate action is providing increased pressure on governments
across the globe. In order to reduce Ireland’s impact on climate change, Irish Building
regulations, Part L 2011 & 2019 (Part L), predominantly targets heat loss from buildings,
as a means of reducing energy consumption and carbon emissions (Department of the
Environment, 2019; Department of the Environment, 2011b). This legislation limits the
use of fossil fuels typically used to heat indoor environments, and as a result reduces
carbon emissions and the impact of occupied buildings on climate change. Similar
legislation exists within various European countries, to address the impact of building
energy consumption on climate change. The International Panel on Climate Change
(IPCC) indicate that there will not only be a rise in global temperatures and solar
radiation in the coming decades, but the extreme summer temperatures now
experienced during intermittent summers, are predicted to become typical summer
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conditions by 2060 in a medium emissions scenario (International Panel on Climate
Change, 2015). This will have a direct impact on the frequency of overheating within low
energy buildings. Shen (2017) indicates that nZEB buildings across the globe will see a
reduction in space heat demand as a result of climate change, and an increase in cooling
demand in the foreseeable future. This increase in cooling demand is not addressed in
current Irish building regulations.
Although software applications exist to simulate overheating in PH and nZEB
dwellings, these applications exist in the form of a simplistic PHPP simulation for PH
dwellings, or various more detailed dynamic simulation packages for nZEB dwellings.
PHPP assesses overheating frequency monthly and annually, and cannot be used to
determine short-term overheating frequency, or zonal overheating frequency (Hopfe
and McLeod, 2015). Where various zones of a building are likely to reach different
temperatures, a dynamic simulation tool is recommended under CIBSE TM52 (Nicol and
Spires, 2013). These dynamic simulation tools are not integrated into a typical Dwelling
Energy Assessment Procedure (DEAP) which is used to calculate primary energy
consumption in dwellings in Ireland (Sustainable Energy Authority of Ireland, 2019). This
makes the simulation of overheating frequency a standalone issue, and impractical for
the majority of designers of dwellings to simulate. If this simulation were required on
every new dwelling, this may also lead to increased costs associated with the
construction of new dwellings, where specialist services are required for overheating
simulations. PHPP provides a solution where overheating and space heat demand are
assessed simultaneously and may provide a platform for a more robust methodology,
where a higher resolution overheating assessment is provided alongside the typical
space heat demand assessment.
1.2

Motivation for the research
The motivation for this research emerges from a necessity within industry to

address issues with overheating in dwellings. As nZEB standards have recently become
mandatory for all new dwellings, addressing how these dwellings will perform in the
long-term, is crucial in ensuring the longevity of nZEB as a building standard. The most
predominant standards for low energy dwellings in Ireland and Europe are nZEB and
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Passivhaus standards, which are the focus of the research. Both standards coexist and
can be simultaneously applied to the design of a single dwelling, however neither
standard fully addresses the impact of overheating on a short-term basis, and neither
standard comprehensively identifies the impact of climate change on overheating.
This research aims to provide data which determines how simulation tools used
to predict overheating frequency can be improved, while identifying the impact of
climate change on overheating. This will inform a methodological framework for revised
overheating simulation tools for all nZEB and PH dwellings.
The contribution of building linked CO2 emissions to climate change, is well
documented. As a result, the focus of legislation and guidelines which govern the design
of buildings in cooler summertime climates, has been on reducing CO2 emissions
associated with the heating of buildings during cold weather periods. This has resulted
in better insulated dwellings, while the impact of increased indoor temperatures and
overheating frequency is perceived to be of lesser significance. This is evident within
Irish Building Regulations, Technical Guidance Documents Part L (Dwellings), 2005-2019,
where overheating assessments are not required, although energy assessments which
identify energy consumption for heating, ventilation and lighting are mandatory, to
account mostly for wintertime energy demand. This energy assessment is crucial in
reducing building linked CO2 emissions; however, it must be accompanied by an
overheating frequency calculation, to capture energy consumption associated with both
heating and cooling.
The impact of overheating on the health of building occupants is also of
significance, as heat induced mortality rates have been increasing across Europe in
recent decades (Macintyre and Heaviside, 2019). The impact of climate change on
overheating must be addressed in tandem with addressing the impact of buildings on
climate change, and not as individual assessment methods. This requires a simultaneous
energy assessment and overheating simulation.
This research aims to provide data which may assist in addressing the issue of
overheating in nZEB dwellings, while refining overheating techniques to identify longterm, medium-term, and short-term overheating patterns.
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1.3 Aims and Objectives
The main aims of this research are to identify the prominence of overheating,
and the design standards for simulating and reducing overheating in dwellings in Europe.
The research also aims to identify variations between PHPP simulated and measured
overheating, while mapping the impact of climate change on overheating an Irish
nZEB/Passivhaus dwelling.
1.3.1 Objectives
The main objectives of the research are derived from identifying gaps within the
literature, which are presented in more detail later in the thesis. The main issues within
the literature review identify that overheating is an existing and growing issue, and
current simulation of overheating in Passive House dwellings does not predict the levels
of overheating measured in occupied Passive House dwellings. This, coupled with the
impact of climate change, could result in increased overheating in future scenarios,
while future overheating simulations are not currently required for dwellings in Ireland.
The objectives set out below are structured to present findings which may address these
gaps in existing theory:
1) Review state of the art literature relating to the relevant national and EU legislative
standards on overheating, previous studies relating to overheating, factors which
contribute to overheating, and prominence of overheating in low energy dwellings.
2) Simulate overheating frequency in an Irish dwelling using PHPP, while measuring
indoor temperatures on site for a 12-month period and determine the variation
between PHPP simulated and measured overheating frequency, through a
comparative analysis of measured indoor temperatures and PHPP simulated
overheating frequency.
3) Develop and analyse a set of time series analyses, using custom climate data sets in
PHPP, to identify the impact of IPCC high, medium, and low emissions scenarios on
PHPP overheating frequencies, for each decade between 2020 and 2100.
4) Analyse the findings of the time series analysis and comparative analysis, to identify
what parameters contribute to overheating simulations and factors which could
reduce variations identified in simulations, to inform a revised PHPP simulation
techniques for overheating frequency.
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5) Develop recommendations for industry and policymakers to mitigate the impacts
of overheating in dwellings, resulting from more extreme summer conditions
identified within the futurecasting study within this research.
1.4

A Guide to the Thesis
This thesis includes; a state-of-the-art literature review located within three

theory-based chapters which discuss the core literature and theory relating to
overheating in dwellings. This informs a quantitative investigation, which explores
overheating in an Irish dwelling. There are a total of eight chapters, with seven following
this introduction chapter, as described below.
Chapter two identifies standards and the legislative framework for nZEB
dwellings in Ireland and Europe, along with related overheating standards. This chapter
is aligned with the first thematic area within the literature review chapter. This chapter
presents core data relating to legislation and standards and provides an insight into how
overheating is a growing issue in nZEB and PH dwellings across Europe.
Chapter three identifies the stimuli for overheating in nZEB and PH dwellings.
This chapter provides a detailed breakdown of how the building envelope and
meteorological conditions cause overheating in nZEB and PH dwellings. This chapter
aligns with the second thematic area of the literature review chapter.
Chapter four identifies the impacts of climate change on global and regional
climates. This chapter identifies the Koppen-Geiger climate classifications for Ireland
and Europe, while identifying the key changes which will occur within the European
region as a result of climate change. These changes are discussed in terms of their
impacts on local meteorological conditions, and how these changes impact overheating
in nZEB and PH dwellings.
Chapter five is the methodology chapter. The chapter identifies the methods of
sourcing and evaluating the secondary research within the study, while outlining the
rationale, study area, and the analysis and evaluation methods for the quantitative
analysis, located in chapter seven. Chapter six presents the analysis and evaluation of
the simulated quantitative investigation carried out as part of this research, while
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comparing the simulation to data collected in an Irish dwelling. The analysis is broken
down into medium and long-term analyses of overheating, to identify how the findings
of the study can inform a revised methodology for the simulation of overheating in
PHPP.
Chapter seven presents the analysis and evaluation of the short-term
overheating within the test dwelling, concentrating on the empirical data gathered at
the test dwelling. The short-term analysis of empirical data focuses on specific periods
where overheating occurs, to determine likely causes, the extent of overheating and the
relationship between measured indoor temperature, outdoor temperature and solar
radiation measured at the test dwelling.
Chapter eight extrapolates on the findings of each of the preceding chapters and
provides synthesis to the overall research. The findings from the quantitative
investigation are discussed alongside the theory-based findings from the previous
chapters. This chapter also provides key conclusions from the research, while developing
recommendations to legislators, industry, and recommendations for further research.
1.5 Limitations of the research
The application of an empirical investigation is time intensive, and in this
instance required the use of expensive equipment. The development of the
methodology was based on existing studies into overheating in European nZEB and PH
dwellings, which identified the need for high resolution data, which resulted in more
than 7 million readings which were analysed and evaluated. The study is limited to a
single dwelling for this reason. The interpretation of results is therefore crucial in
acknowledging that the specific results from the empirical data cannot be generalised.
The temperature readings taken as part of the quantitative research will vary if tested
across a larger sample of dwellings. It is important to note that recommendations are
therefore based on general findings, and correlation between specific measurements,
and not the occurrence of specific temperatures. High temperatures during specific
periods may be impacted by occupants, and their interaction with the spaces they
occupy. The study is also limited to masonry construction, which was identified as being
the most predominant building typology in Ireland.
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The use of a pyranometer was necessary in identifying the key causes for
overheating within the short-term analysis. This was crucial to the research, in
identifying the measured levels of solar radiation during periods of overheating, while
also providing solar data which could be used to construct a climate data set from
measured meteorological data. This limited the study to a single dwelling, due to a lack
the availability of this equipment for multiple dwelling units.

Contributions and

originality of the research
The existing body of knowledge with regard to overheating in dwellings in Ireland
is quite limited. This research provides a number of contributions to existing knowledge,
in particular through the identification of the need to promote and regulated the
simulate overheating frequency in all new dwellings. The research also provides
recommendations on changes to the use of long-term average climate data, currently
used within existing assessment tools for simulation of both overheating, to provide
more accurate future predictions of overheating.
This research also provides a new and novel methods of visually representing
daily overheating in dwellings, using a 24-hour radar graph. The use of a pyranometer
to measure global solar radiation, for comparison with simultaneous indoor
temperature, provides unique data to demonstrate the direct relationship between soar
radiation and indoor temperature.
1.6

Conclusion
Overheating has become a significant issue in nZEB and PH dwellings in recent

years. This research aims to identify the impact of overheating in nZEB dwellings through
a state-of-the-art literature review, followed by a scientific analysis of overheating in an
nZEB dwelling in Ireland. The main focus of this research is to identify how overheating
frequency can be gauged in nZEB and PH dwellings while identifying the impact of
climate change on overheating. Currently overheating is not simulated in nZEB dwellings
constructed in Ireland, although Passivhaus dwellings include an annual overheating
assessment. This research aims to identify the impact of overheating through a shortterm, medium-term, and long-term assessment of overheating, while developing
11

recommendations for the inclusions of this approach in simulating overheating in PH
and nZEB dwellings generally.
Results from this thesis were published in Building Research and Information,
demonstrating the application and shortfalls in the current PHPP overheating
methodology.
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Chapter Two
Regulatory framework for low energy dwellings and overheating
2.0

Introduction
This chapter explores low energy building standards and overheating standards

within a European context, while focusing on Irish energy standards as a regulatory
model which is applied within a temperate European climate. The chapter highlights
how low energy building standards and overheating standards are implemented, and
how overheating remains an issue across Europe. Overheating standards are also
identified outside of Europe. Due to the commonality in terms of the nature of
overheating in a global context, and the reliance of European standards on North
American standards, these standards are also explored. This chapter is significant in the
context of the research, as it provides an understanding of legislation for low energy
buildings, and standards which can be applied to reduced overheating in such buildings.
The chapter also explores the difference between thermal comfort, as defined within
the various standards, and thermal health, which identifies the impact of overheating
on occupant health.
2.1

Background to low energy standards in Ireland
In recent decades there has been a shift within the Irish and European

construction industry to promote a reduction in fossil fuel consumption and associated
CO2 emissions in buildings. Data released annually by the Sustainable Energy Authority
of Ireland indicates that energy consumption in Ireland has been declining in recent
years. Between 1990 and 2014 primary energy consumption in Ireland peaked in 2008.
There has been a steady decline in energy consumption since 2008, across all sectors,
much of which could be contributed to the occurrence of a major recession, according
to Howley et al. (2015). However, this decline is not proportional. As a percentage of
total energy consumption in Ireland, the residential sector shows a decrease from 31.8%
of total national energy consumption in 1990, to 24.9% of total national energy
consumption in 2014 (Howley et al., 2015). This demonstrates the impact of the
European Performance of Buildings Directive (EPBD), on dwelling energy performance,
and in particular the impact of the Irish Building Regulations, Part L, Conservation of Fuel
and Energy.
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Irish Building regulations, Technical Guidance Document Part L 2019
Conservation of Fuel and Energy, (Part L) predominantly targets heat loss from buildings,
as a means of meeting the requirements of the EPBD and achieving nZEB standard
(Department of the Environment, 2019). Part L limits the use of fossil fuels typically
associated with heating of indoor environments and as a result, reduces building linked
carbon emissions. Similar legislation exists within various EU countries, to address the
impact of building energy consumption on climate change. This legislation is driven by
the European Performance of Buildings Directive (EPBD), which was initially launched in
2002 and Recast in 2011. While the EPBD requires all member states to implement the
measures outlined within the EPBD, Part L fails to adequately address or moderate the
effects of climate change on indoor environments. Studies throughout the UK, Ireland
and Europe, indicate existing and emerging issues with low energy dwellings, with
regard to overheating during warmer months (McLeod et al., 2013).Article 4 of the EPBD
highlights that measures put in place to implement the requirements of EPBD shall
consider general indoor climate conditions (Council of the European Union, 2003). Low
energy building standards, by their very nature, increase a buildings capacity to retain
heat, resulting in an increased tendency for buildings to overheat. Article 4 of the 2011
EPBD requires that low energy design standards address the potential for overheating
alongside energy conservation measures (McLeod et al., 2013).
2.2

The European Performance of Buildings Directive (EPBD)
The EPBD was first launched in 2002 under directive 2002/91/EC. It requires EU

member states to introduce state level legislation to reduce building linked CO2
emissions and achieve Nearly Zero Energy Building (nZEB) standards by 2020
(Department of the Environment, 2012). This is now achieved through the
implementation of Building Regulations, Technical Guidance Document Part L 2019, and
the subsequent 2021 revision. The nZEB standard for dwellings is defined in Ireland
through the application of an energy performance coefficient (EPC) of 0.30, which
equates to a primary energy consumption upper limit of approximately 42kWh/m².a,
and a CPC of 0.35 which is equates to a CO2 emissions upper limit of approximately
8kg/m2.a (Department of the Environment, 2019).This supersedes the Department of
Environments target of 45kWh/m².a , set out under the Department of Environment
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Roadmap titled ‘Towards nearly zero energy buildings in Ireland: planning for 2020 and
beyond’. Revisions to Part F of the Irish Building Regulations were introduced
simultaneous to the Part L 2019 revisions. These changes addressed the need for better
insulated and airtight buildings to incorporate appropriately design mechanical
ventilation strategies. This is outlined in greater detail later in this chapter. The EPBD
also stipulates that increased energy efficiency constitutes an important part of the
package of policies and measures needed to comply with the Kyoto Protocol. The 2002
EPBD follows on from the 1993 EU council directive 93/76/EEC, which is reported in the
EPBD of 2002 as having shown important benefits. The 1993 directive was aimed
specifically at improving energy efficiency in the building sector in order to reduce
carbon emissions by member states (The Council of the European Communities, 1993).
The 2002 EPBD also highlights the necessity for a complementary legal instrument to
specifically address the necessary actions to be implemented by EU member states, in
achieving the great unrealised potential for energy savings (Council of the European
Union, 2003). The directive also acknowledges the large differences which will exist
between member states, in implementing changes to achieve these energy savings.
Acknowledging the variation in climate across Europe, measures within the EPBD
to reduce energy consumption are not so prescriptive as to set specific targets for the
performance of individual building elements. Each member state is required to integrate
legislation at state level to achieve reductions in CO2 emissions, which are tailored to
the specific requirements of each member states climate. The 2002 EPBD requires that
each member state incorporates a specific methodology for the calculation of a
building’s energy performance (Council of the European Union, 2003). The methodology
implemented for dwellings in Ireland is set out under the Dwelling Energy Assessment
Procedure (DEAP), which includes a software package for the calculation of a dwellings
total primary energy consumption. This methodology is used in the calculating the
primary energy performance for new and existing dwellings. The DEAP methodology
does not extend to buildings other than dwellings, with a separate methodology known
as the Non-domestic Energy Assessment Procedure (NEAP) being applied to buildings
other than dwellings. The DEAP assessment does not include a requirement or
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methodology to calculate a dwellings overheating frequency, or energy associated with
cooling.
In 2011 a recast of the EPBD was introduced, driving further reductions in
building linked CO2 emissions across the EU. The key changes to the EPBD saw the
introduction of a minimum standard for all new buildings to achieve ‘Nearly Zero Energy’
targets by 2020. In the context of a DEAP rating this requires all new dwellings to achieve
a Primary Energy Rating of 45kWh/m².a or less, by 2020(Department of the
Environment, 2012). Article 4 of the EPBD Recast highlights that the implementation of
these requirements in members states shall give due regard to general indoor climate
conditions, in order to avoid possible negative effects (Council of the European Union,
2010). The application of the 2011 directive requires that all member states apply the
provisions of each article of the EPBD, including Article 4. Buildings occupied by the
public authorities in particular should implement these targets by 9 January 2013 at the
latest, while all other buildings should implement the requirements of the EPBD Recast
from 9 July 2013 at the latest. In the context of Ireland, state legislation, which includes
mandatory requirements to mitigate the impacts of overheating, has not been
transposed into Irish Law by the required date. The Building Regulations, Part L 2011
was introduced to address the requirements of the EPBD and does not set minimum
standards for overheating in the context of an Irish dwelling.
2.3

Design standards for low energy dwellings in Ireland
Central to the EPBD (2002), is the requirement for each member state to

implement energy conservation measures. The Irish Building regulations introduced a
revised Part L of the Irish Building Regulations in 2002. The section of the Irish building
regulations which implements requirements for energy conservation is known as Irish
Building Regulations, Part L, Conservation of Fuel and Energy (Part L), which existed prior
to the EPBD. Since the EPBD of 2002, phased improvements to energy conservation in
dwellings have been introduced through revisions to Part L in 2002, 2005, 2008 and
2011. Further revisions to achieve nZEB standard came into effect on 01st November
2019 (Department of the Environment, 2019).
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In 2005 the development of a ‘benchmark’ dwelling standard was introduced,
against which all future revisions to the building regulations would be gauged
(Department of Environment, 2006). Part L 2005 saw the introduction of a mandatory
carbon performance target known as the Carbon Dioxide Emission Rate, abbreviated as
CDER (Department of Environment, 2006). Within the same regulations a mandatory
analysis of all new dwellings was included under the Dwelling Energy Assessment
procedure (DEAP) which determines the overall performance of a dwelling alongside the
elemental performance of the building envelope.
Part L 2005 required that all new dwellings achieved a Maximum Permitted CDER
(MPCDER), analysed under the DEAP methodology (Department of Environment, 2006).
Although Section 2.1.6, and Appendix E of Part L 2005 provided guidance on avoidance
of solar overheating, the assessment of a dwelling using DEAP software does not
incorporate a detailed calculation to determine the extent of overheating during the
summer months. A summer time temperature calculation is included in the DEAP
methodology which relies on a single outdoor summer time average temperature of
15°C within the calculation (Sustainable Energy Authority of Ireland, 2019). This
calculation is an optional calculation during the assessment procedure, and there is no
legislative requirement for an overheating assessment to be included during the energy
performance simulation.
Additional calculations within Part L 2005 technical guidance documents, allow
for a solar overheating calculation to be carried out based on average solar loads for
varying glazing orientations. Guidance within Part L 2005, with regard to the inclusion of
shading elements to reduce overheating, is reliant on correction factors which do not
change depending on season. Sample calculations are also confined to commercial
buildings which have consistent day time occupancy patterns, with little consideration
given to dwellings which may be unoccupied during periods where overheating is of
greatest concern.
Revisions to Part L 2005 were introduced in 2008 under Irish Building
Regulations, Part L, Conservation of Fuel and Energy 2008 (Part L 2008). The 2008
regulations are split into two separate documents; one of which addresses conservation
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of fuel and energy in dwellings and one which addresses buildings other than dwellings
(Department of Environment, 2008). One of the main changes in Part L 2008 for
dwellings, saw the CDER rating renamed as a Carbon Performance Coefficient,
abbreviated as CPC, and the introduction of an Energy Performance Coefficient,
abbreviated as EPC (Department of Environment, 2008). The EPC and CPC targets are
gauged against the sample dwelling which was originally outlined within Appendix C of
Part L 2005. Part L 2008 requires that all new dwellings which are constructed beyond
the constraints of the transitional arrangements should achieve a CPC of 0.69, and an
EPC of 0.60 (Department of Environment, 2008). These fractions are multiplied by the
total primary energy performance and total carbon emissions performance of the
original 2005 sample dwelling. The fractions indicate that Part L 2008 requires all new
dwellings to consume a maximum of 60% of the energy consumed by a typical Part L
2005 dwelling, and emit a maximum of 69% of the CO2 emitted by a Part L 2005 dwelling
(Department of Environment, 2008).
Along with the overall energy and CO2 targets, minimum performance criteria
for the individual elements of a dwelling such as; wall u-values, roof u-values, floor uvalues and window u-values are also set out and improved from that of the 2005
requirements. Part L 2008 also introduces a minimum requirement for all new dwellings
to incorporate renewable energy technologies. Although Part L 2008 aims to
differentiate between dwellings and buildings other than dwellings, through two
separate technical guidance documents, the inclusion of guidance on solar overheating,
which was included in the combined Part L 2005, is removed from Part L 2008 for
dwellings. Part L 2008 does not require or recommend calculations for solar overheating
are carried out on new dwellings. The DEAP methodology which continues to be used to
assess a dwellings energy performance under Part L 2008, also does not include a
simulation for overheating.
Further revisions to Part L were introduced in 2011, under Building Regulations
2011, Technical Guidance Document Part L, Conservation of Fuel and Energy – Dwellings
(Department of the Environment, 2011b). The associated technical guidance documents
require that any new dwelling which is required to comply with Part L 2011 under the
transitional arrangements outlined therein, should have a maximum EPC of 0.4 and a
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maximum CPC of 0.46 (Department of the Environment, 2011a). This means that any
building designed after the implementation of Part L 2011 should have a primary energy
demand which is 40% of the total primary energy demand of its Part L 2005 counterpart.
This is a substantial reduction in primary energy consumption over a relatively short
period of time, and the standards required in Part L 2011 represent a dwelling envelope
performance which inherently retains heat for extended periods of time, when
compared to that of the typical Irish housing stock. The 2011 Part L guidelines for
dwellings do not address solar overheating in dwellings, and there remains a question
as to whether regulations for low energy dwellings should implement strategies to
mitigate overheating alongside reduced heating demand. The introduction of Part L
2019 requires the EPC for all new dwellings to be further reduced to 0.3, while the CPC
is reduced to 0.35 (Department of the Environment, 2019). Table 2.1 provides a
comparison of Part L guidelines since 2005, identifying the gradual performance
increases since 2005, when the DEAP assessment was introduced. A total energy
performance was not a requirement for compliance in 2005, however a carbon
performance was required.
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Element of building

Performance requirement for each standard
Part L 2005
Part L 2008
Part L 20011
0.27W/m2K
0.27W/m2K
0.21W/m2K
0.16W/m2K
0.16W/m2K
0.16W/m2K

Part L 2019
Wall u-value
0.18W/m2K
Roof u-value
0.16W/m2K
(insulation on flat
ceiling)
Roof u-value
0.20W/m2K
0.20W/m2K
0.16W/m2K
0.16W/m2K
(insulation on slope
of rafter)
Flat roof u-value
0.22W/m2K
0.22W/m2K
0.20W/m2K
0.20W/m2K
Exposed floor u0.25W/m2K
0.25W/m2K
0.21W/m2K
0.18W/m2K
value (without
underfloor heating)
Exposed floor u0.25W/m2K
0.15W/m2K
0.15W/m2K
0.15W/m2K
value (with
underfloor heating)
Window, door and
2.2W/m2K a
2.0W/m2K a
1.6W/m2K a
1.4W/m2K
rooflights u-value
Air tightness
No target
10m3/m2/hr
7m3/m2/hr
5m3/m2/hr
CPC/CDER
1.0
0.69
0.46
0.35
EPC
No target
0.60
0.40
0.30
2
2
Typical primary
No target
90kWh/m .a 59kWh/m .a 42kWh/m2.a
energy rating
a The window and external door u-values are an example of u-value which must be
achieved when the total area of glazing & doors is 25% of the building floor area. This
must be reduced as the area of glazing increases. This requirement was removed in 2019.
Table 2.1 Part L 2005 to 2019 elemental target comparisons and overall performance targets.
Combined by author from the following sources: (Department of the Environment, 2019;
Department of the Environment, 2011a; Department of Environment, 2008; Department of
Environment, 2006)

Reference to overheating is included Part L 2019, however it refers to the DEAP
methodology for the calculation of overheating. DEAP calculations rely on a mean
outdoor temperature of 15°C during the summer time periods, which is not adequate
in gauging overheating during extreme periods (Sustainable Energy Authority of Ireland,
2019).
The importance of article 4 of the EPBD must not be underestimated within the
context of Part L of the building regulations. As state level regulations set targets to
reduce the heat demand for dwellings, the thermal resistance and air tightness of
dwelling envelopes increases, and heat losses reduce. This effectively means that all new
dwellings have the capacity to retain heat for longer periods throughout the year. The
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Irish National Database for Building Energy Ratings (NDBER) indicates that in July 2017,
there were 4317 dwellings in Ireland achieving a primary energy rating of 50kWh/m².a
or lower (Sustainable Energy Authority of Ireland, 2017). This rose to 19,824 by July
2020, indicating the rapid move toward nZEB standard. Although an EPC of 0.40 under
Part L 2011 would result in a dwelling energy rating of approximately 59kWh/m².a, many
new dwellings built to 2011 standards are achieving below 50kWh/m².a, approaching or
even surpassing nZEB standard of 45kWh/m².a (Department of the Environment, 2012).
Amendments introduced under Part L 2019 include that all new dwellings must meet
nZEB standard by 2020, which is achieved by achieving a maximum EPC of 0.30 and a
maximum CPC of 0.35 (Department of the Environment, 2019). The EPC method of
compliance supersedes the previous 45kWh/m2.a target set out by the Department of
Environment in 2012. An EPC of 0.3 equates to an approximate upper limit in primary
energy demand of 42kWh/m2.a, as outlined in Table E2 of Part L 2019 (Department of
the Environment, 2019). Individual targets are set for elemental u-values of building
elements in accordance with table 2.2 below.
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Maximum elemental U-value (W/m2K)1, 2
Column 1
Column 2
Fabric Elements
Area-weighted Average
Elemental U-value (Um)

Roofs
Pitched roof
- Insulation at ceiling
- Insulation on slope
Flat roof
Walls
Ground floors3
Other exposed floors
External doors, windows
rooflights
Notes:

0.16
0.16
0.20
0.18
0.18
0.18
and 1.44,5

Column 3
Average
Elemental
U-value
individual
element
section
element
0.3

–
or
of

0.6
0.6
0.6
3.0

1. The U-value includes the effect of unheated voids or other spaces.
2. For alternative method of showing compliance see paragraph 1.3.2.3.
3. For insulation of ground floors and exposed floors incorporating underfloor heating, see
paragraph 1.3.2.2.
4. Windows, doors and rooflights should have a maximum U-value of 1.4 W/m2K.
5 The NSAI Window Energy Performance Scheme (WEPS) provides a rating for windows
combining heat loss and solar transmittance. The solar transmittance value g perp measures the
solar energy through the window.
Table 2.2 Maximum elemental U-value tables extracted from Part L 2019. Source: (Department
of the Environment, 2019)

Part L 2019 also outlines a minimum target of 5m3/hr/m2 for air permeability
targets, while minimum targets for the production of renewable energy, performance
criteria for mechanical ventilation systems and heating systems are included. The main
requirement in meeting nZEB standard is set out within the excerpt data in Figure 2.1
below.
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(a) providing that the energy performance of the
building is such as to limit the calculated primary
energy consumption and related carbon dioxide (CO2)
to that of a nearly zero energy building within the
meaning of the Directive insofar as is reasonably
practicable, when both energy consumption and
carbon dioxide (CO2) emissions are calculated using
the Dwelling Energy Assessment Procedure (DEAP)
published by Sustainable Energy Authority of Ireland;
(b) providing that, the nearly zero or very low amount
of energy required is covered to a very significant
extent by energy from renewable sources including
energy from renewable sources produced on-site or
nearby;

(c) limiting the heat loss and, where appropriate,
availing of heat gain through the fabric of the building;

(d) providing and commissioning energy efficient space
and water heating systems with efficient heat sources
and effective controls;

(e) providing that all oil and gas fired boilers shall meet
a minimum seasonal efficiency of 90 %;

‘(f) providing to the dwelling owner sufficient
information about the building, the fixed building
services, controls and their maintenance requirements
so that the building can be operated in such a manner
as to use no more fuel and energy than is reasonable

Figure 2.1 Overview of requirements to meet nZEB standards for dwellings in Ireland
(Department of the Environment, 2019)
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With an increased capacity for all new dwellings to retain heat comes and
increased risk of overheating. Part L 2019 requires that all dwellings address overheating
by way of identifying any risk of overheating within a DEAP assessment. The DEAP
methodology does not include a comprehensive assessment of overheating and
overheating is based on a single summer time average outdoor in DEAP (Sustainable
Energy Authority of Ireland, 2019). Further guidance is provided in Part L 2019, by way
of directing designers toward CIBSE TM59 standards, however the legislative
requirement to simulate overheating performance is not stipulated, and the assessment
of overheating risk in warmer months is not given the same priority as the assessment
of space heat demand in colder months.
As outdoor temperatures rise as a result of climate change (Dunne et al., 2008),
the temperature difference between inside to outside (ΔT) reduces. A lower ΔT value
results in a reduction in heat loss, along with a lower capacity for natural ventilative
cooling, thereby exacerbating the overheating risk. Coupled with high levels of solar
radiation during periods of increased outdoor temperatures, overheating risk may
become a far greater issue in the coming decades. This issue must be addressed in
tandem with reduced heat losses through the building envelope, to ensure that energy
saved through reduced heat demand in winter is not merely offset to the warmer
periods in the form of a cooling demand. Alongside the mandatory Part L standards in
Ireland, the Passive House standard is a commonly referenced energy standard for low
energy dwellings in Ireland. This standard requires that a buildings overheating
frequency is calculated alongside space heat demand (Feist et al., 2013).
2.4

Passivhaus standard
The Passivhaus standard, more commonly known as the Passive House Standard,

was developed in 1990 through many decades of study into passive solar design in North
America, and super insulated homes which were developed in Sweden since the 1970’s
(Hopfe and McLeod, 2015). The concept evolved during the early 1990’s during the
development of the first Passivhaus project in Kranichstein in Germany, by researchers;
Wolfgang Feist, Witta Ebel and Tobias Loga (Hopfe and McLeod, 2015). The standard has
become the most widely used low energy building standard on the planet, with over
50,000 buildings constructed to this standard by 2015 alone (Hopfe and McLeod, 2015),
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both certified and uncertified. These buildings are found across the globe in locations
including; North America, South America, Europe, Africa, Asia and Oceania (Passive
House Institute, 2019b), as indicated in figure 2.2. Passive House certification forms an
important part of maintaining quality standards in Passive House buildings, and the
increasing popularity of the standard has resulted in over 33,000 units which are now
certified by the close of 2021 (Association, 2022).

Figure 2.2 World map identifying locations of Passive House certified building. Source: (Passive House
Institute, 2019b)

Passive house standard implements a ‘fabric first’ approach which ultimately
aims to reduce a buildings space heat demand, thereby reducing a buildings reliance on
conventional heating systems to maintain a consistent internal temperature during
winter months (Feist et al., 2013). The standard requires that all certified buildings do
not exceed a maximum space heat demand or cooling demand of 15kWh/m2.a, or have
a maximum heat load or cooling load of 10W/m2. A certified building also must not
exceed a primary energy demand of 120kWh/m2.a, calculated to include energy
associated with the operation of; all appliances, domestic hot water and space heating
and cooling (Mlecnik, 2013). Air infiltration must not exceed 0.6ac/h through the
external building envelope for certification purposes (Wang et al., 2017). Although there
are no specific requirements for u-values, the Passive house standard recommends
maximum u-value targets, recommended glazing solar transmittance targets (G value),
and recommended maximum thermal bridging values (ψ values) for key building
junctions (Mlecnik, 2013). These targets vary broadly depending on climate zone.
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Unlike the national energy assessment procedures for dwellings set out in
Ireland and the UK, under the DEAP and SAP procedures respectively (Sustainable
Energy Authority of Ireland, 2019; Department of Energy and Climate Change, 2014), the
assessment of a passive house includes an overheating assessment which calculates
overheating frequency. The overheating assessment utilises the same inputs attributed
to the thermal envelope of the building including; insulated opaque elements, thermal
mass, glazing systems and ventilation systems, to determine the overheating frequency
for the building (Feist et al., 2013). This ensures that any change to the specification for
the thermal envelope, glazing or ventilation system will automatically be reflected in an
overheating calculation, as well as space heat demand and primary energy demand
calculations. Passive house standards implement the requirements of German standard
DIN1946-2 when assessing overheating, which requires that a certified passive house
building does not exceed 25°C for more than 10% of total hours within a typical year
(McLeod et al., 2013).
The assessment of overheating frequency within PHPP has its limitations, and
cannot be used to determine overheating within short time intervals or during shoulder
seasons when a heating and cooling load may exist within the same four hour period
(Hopfe and McLeod, 2015). It is recommended that where a building is separated into
multiple thermal zones, a dynamic simulation tool is used to determine overheating and
thermal comfort (Hopfe and McLeod, 2015). This approach may be preferable for
commercial buildings; however, this approach may not be practical in the context of
dwellings, in particular one off dwellings which each contain their own characteristics,
requiring every new dwelling to be individually assessed within a dynamic simulation
software package. Within the context of multiple unit developments, units with varying
volumes, varying orientation and varying glazing areas would also vary, requiring the
vast majority of dwellings within multi-unit developments to have a dynamic simulation
carried out, separate to an energy simulation. This may provide for a less informative
solution to that of a combined space heat demand simulation and overheating
simulation. There is no legislative requirement in Ireland to simulate overheating within
dwellings, and as a result, where a dynamic simulation is required, this may simply be
overlooked in the majority of cases.
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2.5 Ventilation and air tightness standards in detail
While air tightness and ventilation are different metrics in the context of the
measurement of building energy performance, both are inherently linked within the
context of Irish Building Regulations. The implementation of Part L 2019 requires that
all new dwellings have an air permeability rate not exceeding 5m3/(h.m2) (Department
of the Environment, 2019). Building Regulations, Part F 2019 also refers to the fact that
uncontrollable air infiltration should be avoided, and Part F references an air
permeability rating of 5m3/(h.m2) (Department of Housing, 2019). This air tightness rate,
measured in metres cubed per hour (m3/h), is referred to as a q50 value and represents
the total quantity of air lost from a building per hour, through air infiltration. This can
be represented in two ways in an energy assessment. The first method is applied in the
context of a Part L 2019 assessment, implemented as a q50 value divided by the exposed
building envelope are in a DEAP assessment (Sustainable Energy Authority of Ireland,
2019). The second method is applied in Passive House Planning Package and is referred
to as an n50 value. The same overall q50 value is obtained from a typical blower door
test but is divided by the internal heated volume of the building and represented in air
changes per hour (ac/h) (Feist et al., 2013). Although the treatment of air tightness in
DEAP and PHPP rely on different values, both values are derived from the same overall
performance value for the building, divided by a different building parameter. Both
values are tested at an indoor to outdoor pressure difference of 50 Pascal of pressure
(Pa). Although the values cannot be directly compared, PHPP provides a direct
translation between the q50/m2 value and the n50 value. The inclusion of the q50 value
in DEAP assessments is typically as an adjusted air permeability rate (ac/hadj), by dividing
the final air tightness test value by 20. As 50Pa is a high pressure scenario this ‘divide by
20’ rule is implemented to reduce the air tightness rate for the purposes of a DEAP
assessment, from high pressure (50Pa) back to realistic air permeability levels,
considered to be at ordinary pressure (Sustainable Energy Authority of Ireland, 2019).
The effectiveness of ventilation is directly impacted by the air tightness of a
building envelope, and Part F technical guidance requires that air permeability rates
between 3m3/(h.m3) and 5m3/(h.m2) must have a minimum of 42,000mm2 of background
ventilation for a dwelling up to 70m2, plus 7000mm2 for every 10m2 of floor area thereafter.
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Single storey dwellings at ground level, or up to the 4th storey require an additional 7000mm2.
Guidance is also provided on a room-by-room basis to ensure adequate levels of ventilation

in each habitable space. Part F also stipulates that where air tightness levels fall below
3m3/(h.m3) additional measures should be considered to appropriately ventilate the
building (Department of Housing, 2019). Typically, this requires the introduction of
mechanical ventilation such as mechanical ventilation with heat recovery (MVHR) or
demand controlled ventilation (DCV). Part F also requires the inclusion of window
openings which provide a minimum of 1/20th of the floor area for natural purge/rapid
ventilation in each habitable space. Passive House requirements are not so prescriptive,
although typically require the installation of an MVHR system to recover heat which
would ordinarily be lost through background ventilation (Feist et al., 2013). For
purge/rapid ventilation Passive House Standards are less prescriptive than Part F and
rely on designer based inputs to design rapid ventilation to reduce overheating, as
opposed to specifying minimum window areas or ratios (Feist, 2016). Table 2.3
compares the air tightness requirements and ventilation requirements under Part L
2019 and Passive House standards.
Component
Air tightness requirement with
background ventilation
Background ventilation
requirements overall dwelling
Mechanical ventilation (with heat
recovery)

Mechanical ventilation (no heat
recovery)

Rapid/Purge ventilation

Part L/Part F 2019 requirement
5m3(h.m2) (q50)

Passive House Standard
0.6 ac/h (n50)

42,000mm2 up to 70m2 floor area,
plus 7000mm2 for every 10m2
Not mandatory under Part F.
MVHR: ≥70% heat recovery
efficiency – Part L Table 4
(Department of the Environment,
2019)
Specific fan power (SFP) ≤
1.2W/litre/sec – Part L Table 4
Specific fan power (SFP) ≤
1.2W/litre/sec

Not permitted

Opening section for a window/door
in every habitable space which
equates to 1/20th of the floor area
of each space

MVHR: ≥75% heat recovery
efficiency
Electrical Efficiency: ≤
0.45Wh/m3

Minimum standard not
stipulated but overall space
heat demand and primary
energy demand must be
considered.
Minimum standard not
stipulated but overheating
frequency must not exceed 10%
of year where temperature
exceeds 25°C

Table 2.3 Part L/Part F 2019 and Passive House ventilation and air tightness ventilation
requirements. Sources: (Department of Housing, 2019; Department of the Environment, 2019;
Hopfe and McLeod, 2015)
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2.6 Comparison between Passivhaus standard & nZEB standard
Although the Passivhaus and nZEB standards apply similar methodologies in
calculating and determining heat loss from the building envelope, the final targets for
each standard vary substantially. The Passivhaus standard, and the application of PHPP
in calculating compliance with Passivhaus standard, relies on a space heat demand
target as a primary means of assessing a building envelopes performance (Hopfe and
McLeod, 2015). Compliance with nZEB standards in Ireland is reliant on a DEAP
assessment which relies solely on a primary energy demand target to meet nZEB
standards (Sustainable Energy Authority of Ireland, 2019). The calculation of a primary
energy demand is also included in a PHPP assessment; however it includes very different
parameters and is not comparable to the DEAP primary energy demand figures . DEAP
calculates a primary energy demand figure to include energy consumed by space
heating, heating circulation pumps, production of hot water, ventilation and lighting,
while the energy consumed by end users and general household appliances is not
included (Sustainable Energy Authority of Ireland, 2019). PHPP includes a primary energy
calculation which includes energy consumed by space heating, hot water, ventilation,
lighting, cooling, and all electrical appliances based on their daily energy consumption
(Feist et al., 2013). This additional electrical consumption calculation in PHPP provides
for results which are not comparable with DEAP.
The assessment of overheating in PHPP and DEAP is also not comparable. PHPP
assessments include a mandatory annual overheating frequency calculation, which is
based on an average indoor temperature for the building, to gauge the percentage of
the year where when the temperature exceeds 25°C (Feist, 2016). PHPP also includes
shading calculations, which can be used to add overhangs and shading devices to reduce
overheating, while a cooling demand calculations are also included to determine the
quantity of energy required for cooling, should active cooling systems be required (Feist
et al., 2013). The DEAP analysis includes an optional summer internal temperature
calculation, where overhangs on each window can be included to reduce the summer
internal temperature (Sustainable Energy Authority of Ireland, 2019). This assessment
provides users with a ‘threshold internal temperature’, which identifies the maximum
temperature achieved during summer months. It does not calculate for how long
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overheating occurs or set a threshold to define when overheating may be of concern.
The use of climate data to calculate energy demand and overheating also varies
between PHPP and DEAP. DEAP utilises an average climate data set for Ireland, which
has not changed since the introduction of the DEAP methodology in 2006 (Sustainable
Energy Authority of Ireland, 2019). PHPP provides for data sets which are
interchangeable and based on specific locations. New locations and data can be added
to PHPP for new regions, based on approved meteorological data (Feist et al., 2013).
2.7

Overheating in Passive house dwellings across Europe
The overheating standard implemented within PHPP is DIN 1946-2 (Feist et al.,

2013). The overheating simulation carried out in PHPP is based on a single dwelling
temperature, whereby the enclosed volume of the building is represented by a single
dwelling temperature for the calculation of overheating. The PHPP methodology is
applied in the broader European and global market and although it is predominantly
used to determine the heat demand and heat load for a building, the overheating
standards applied within the software must also be adhered to in order for any dwelling
to be considered as a certified Passivhaus dwelling. A certified dwelling must not exceed
25°C for more than 10% of total hours within a typical year (Passive House Institute,
2018). The DEAP and SAP calculations do not include such a robust overheating
calculation alongside their energy assessment calculations (Sustainable Energy
Authority of Ireland, 2019; Department of Energy and Climate Change, 2014). Although
PHPP is limited in its overheating assessments, it may provide an initial platform for the
development of a more robust and accessible overheating simulation for Passive House
and nZEB dwellings in Europe.
Various overheating standards exist across Europe due to differing climatic
conditions. The standards for overheating across the UK and Ireland predominantly
incorporate guidelines outlined in the CIBSE standards. Standards derived from TM52,
applied under CIBSE Guide A, incorporate the methodology outlined in EN15251,
identifying a running mean outdoor temperature (Trm) to determine a threshold for
overheating (Nicol and Spires, 2013). This differs from the fixed 25°C threshold outlined
under DIN 1946-2. The use of a Trm value allows the overheating threshold to be
adaptable, relative to outdoor running mean temperature, as opposed to fixed. The
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TM59 standard developed by CIBSE in 2017 is applicable specifically to dwellings and is
referenced in Part L 2019 as a standard for the reduction of overheating in dwellings
(Department of the Environment, 2019).
The impact of overheating on PH and nZEB dwellings over short periods during
warmer periods is well documented in various studies across Europe. In Denmark
studies carried out on Passive House dwellings highlight high incidences of overheating
(Larsen and Jensen, 2011) in recent years. Post occupancy evaluation carried out by
Larsen and Jensen (2011) recorded information on dry bulb temperature, relative
humidity and CO2 levels in a number of locations between 2008 and 2011. Danish
standard DS/CEN/CR1752 requires temperatures to be maintained between 23°C and
26°C during warmer periods. During the month of July 2009, these temperatures were
exceeded 40% of the time and in July 2010 for 60% of the time in many units within the
study (Larsen and Jensen, 2011). This level of overheating was not predicted by the PHPP
model.
Similar studies to that of Larsen and Jensen (2011), carried out in Lindas, Sweden
show a mean internal temperature of 25.2°C across 20 terraced PH apartment units.
Each unit varied significantly with recorded internal temperatures of 30°C in some cases
(Samuelson and Lüddeckens, 2009). This level of overheating was not predicted by the
PHPP model. Schnieders (2005) also determined that a specific PH test case in Marseille
could not be prevented from overheating without the need for mechanical cooling
(Schnieders, 2005), which may be indicative of a future scenario in other climate zones
with increased overheating due to climate change.
Documented cases of overheating in Ireland and the UK include Passive House
Builders in 2013 and Bere Architects in 2012 (McLeod et al., 2013). Investigations by
Sameni et al into overheating in UK social housing flats in 2015 also indicates that
significant overheating is experienced in the tested units which are constructed to
Passivhaus standards (Tabatabaei Sameni et al., 2015). A significant difference was
observed in the indoor temperatures between various units. Occupant behaviour was
deemed to be part of the issue in the study by Sameni et al. This demonstrates that there
is a clear risk involved in assuming occupants will adopt an approach to cooling which
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incorporates natural ventilative cooling with operable windows. These case studies all
include conclusions of a similar nature, in highlighting that overheating is an existing and
growing issue in PH and nZEB dwellings, and it is exacerbated by the dwellings increased
capacity to retain heat. In all cases the extent of overheating experienced is also in
excess to that of PHPP simulations, which may indicate the need to adapt the
overheating methodology within PHPP.
A study by Colclough et al. (2017) highlights the varying indoor temperatures in
Passive House units in Ireland and Northern Ireland, when compared to dwellings which
meet minimum building regulations standards. The study demonstrated that the
average temperature in the Passive House dwellings was on average 1.2°C above that of
the dwellings which were constructed to minimum building regulations standards. The
threshold for overheating in this study was set at 24°C, and the Living rooms in the
Passive House units were found to exceed the threshold for 8.4% of the time, while
exceeding a threshold of 26°C for 1.4% of the time (Colclough et al., 2017). The dwellings
units built to minimum building regulations standards did not exceed 24°C. This
demonstrates the impact of increased building envelope standards on indoor
temperatures in Ireland.
Similar studies by McGill et al. (2017) identified that among a sample of 53
dwelling units monitored across the UK, 57% of bedrooms and 75% of living rooms
exceeded the maximum allowable CIBSE overheating threshold where temperatures
should not exceed 25°C for more than 5% of the annual occupied hours throughout the
year. When compared to the Passive house requirements where temperatures must not
exceed 25°C for more than 5% of a typical year, this threshold was breached in 38% of
bedrooms and 58% of living rooms. The CIBSE threshold which requires that indoor living
temperatures do not exceed 28°C for more than 1% of occupied hours, was breached by
25% of living spaces. In some dwellings temperatures were in excess of 25°C for more
than 50% of occupied hours across the year (McGill et al., 2017).
Further studies in Ireland and Northern Ireland by Colclough et al (2018) indicate
that one particular Passive House dwelling monitored as part of this study showed
temperatures in excess of 24°C in the living room for 62% of the time, while another
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dwelling is reported as having exceeded the same threshold for 31% of the time over
the summer period. The study also identifies that a maximum temperature of 33.8°C
was recorded in a Passive House test dwelling during the month of June (Colclough et
al., 2018). The study further indicates the impact of improved building envelope
standards on internal temperatures. It may also point toward an issue with
temperatures which are substantially higher than overheating threshold temperatures,
which may require various thresholds to define the extent of overheating in standard
overheating scenarios and more extreme overheating scenarios.
The impact of overheating across Europe is apparent in all of the abovementioned studies. The extent of overheating in each of these studies is summarised in
table 2.4. The Irish studies indicated within Table 2.4 do not indicate excessive quantities
of overheating within Irish dwellings which form part of the study. Studies in other parts
of Europe, which may reflect future summertime overheating patterns in a warmer Irish
climate do however indicate higher and more extreme incidences of summer
overheating.
Cited Author(s)

Building

Key findings

location(s)
Larsen and Jensen, Denmark

40% of month in July 2009 temperatures exceeded

2011

26°C,and 60% of month in July 2010 temperatures
exceeded 26°C – exceeds both PHPP and dynamic
simulation predictions

Samuelson and

Sweden

Lüddeckens, 2009

Men internal summer temperature of 25.2°C
across 20 terraced units. Temperatures exceeded
30°C.

Tabatabaei
Sameni
2015.

et

UK
al.,

average percentage of hours were living rooms
were above 25°C was 68% (of 122 days monitored )
in 2013, 54% (of 34 days monitored) in 2012 and
42% (of 45 days monitored) in 2011.
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Colclough et al.,

Ireland

2017

PH dwellings exceeded 24°C for 8.4% of the time,
while exceeding a threshold of 26°C for 1.4% of the
time. Dwellings built to minimum build regs (nonPH dwellings) did not exceed 24°C for any period.

McGill et al., 2017

UK

Multiple units: 57% of bedrooms and 75% of living
rooms exceeded CIBSE requirements of 5% of
occupied hours where temperatures exceed 25°C.
38% of bedrooms and 58% of living rooms exceed
PH threshold of 25°C for more than 10% of the year.

Colclough et al., Ireland

Of multiple units the extreme case PH living room

2018

exceeded of 24°C for 62% of summer period, with
max temperature of 33.8°C experienced in one PH
dwelling

Table 2.4 Summary of data from existing overheating case studies across Europe.

The introduction of more stringent energy conservation standards for buildings
stems from a necessity to reduce CO2 emissions attributed to the operation of buildings.
Accumulative CO2 emissions attributed to the operation of buildings is one of a number
of catalysts which currently contribute to climate change. The Intergovernmental Panel
on Climate Change (IPCC) predict that incremental global increases in temperature and
solar radiation will occur through the periods of 2040, 2060, 2080 and 2100. Lundberg
(2009) identifies the potential impact of climate change on a Passivhaus dwelling built
in Co. Galway, Ireland. Lundberg identifies an increase in simulated overheating from
2.5% in the year 2000 to 12.7% in the year 2100 (Lundberg, 2009), due to climate change.
These simulated figures are based on results derived from a Passivhaus dwelling, which
has been specifically designed to address known overheating issues. The Passivhaus
assessment relies on climate data sets which include long-term monthly average figures
for solar radiation and ambient temperature (Hopfe and McLeod, 2015). This may
underestimate short-term overheating patterns and accumulative overheating across
extreme periods.
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Although standards have been introduced across Europe to mitigate the impact
of buildings on climate change, through the introduction of the EPBD and associated
state level legislation, there is a much lower emphasis on mitigating the impacts of
climate change on buildings, with particular issues now stemming from overheating. A
more symbiotic approach to designing to moderate the impacts of climate change, while
reducing a buildings impact on climate change, may be more advantageous. The
International Panel on Climate Change (IPCC) predict that climate change will result in
more prominent and more regular occurrences of extreme summer conditions globally
(International Panel on Climate Change, 2014), while UK Climate Programme (UKCP)
figures indicate a potential increase in global radiation of between 20% and 23% under
a high emissions scenario in UK, with the potential for current once per decade heat
waves becoming annual occurrences by 2040 in the UK and Ireland (Tham et al., 2011).
It is anticipated that the temperatures experienced during current heat waves may
represent cooler than average summer conditions by 2060 (McLeod et al., 2013). All
evidence points toward a necessity to introduce mandatory overheating assessments
and legislative standards for all new dwellings to moderate the impact of climate change
over the lifetime of a dwelling.
2.8

Overheating standards in Europe
Passive House standards incorporate an upper limit of 25°C above which a

building is considered to be overheating. In order to comply with Passive house
standards, a building must not exceed the upper limit for more than 10% of each year
(Hopfe and McLeod, 2015). Passive House standards do not base this percentage on
occupied hours, rather assessing temperatures in the building on a continual 24 hour
per day basis. This standard is originally derived from German standard DIN 1946-2
(McLeod et al., 2013), which was withdrawn and superseded by EN 13779 in 2007, which
in turn is superseded by the current document EN 16798-3. Although EN 16798-3
supersedes the original DIN 1946-2, there are no direct thresholds for overheating listed
in EN 16798-3. This document is specific to the performance requirements for nonresidential ventilation systems (National Standards Authority of Ireland, 2017). EN
16798-1 is referenced with regard to indoor environmental parameters for design of
ventilation systems. While this was released in draft format in 2015 to supersede EN
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15251, the latter remains the current standard, and should be used in lieu of the original
standard on which passive house overheating standards are built. Although there is a
direct link between the defunct DIN 1946-2 and EN 15251, PHPP methodology has not
been updated to include this standard as a basis for simulation of overheating.
From a legislative perspective, the introduction of Part L 2019 in Ireland requires
that; where a risk of overheating is prevalent CIBSE TM59 should be consulted to
determine the level of overheating (Department of the Environment, 2019). Carlucci et
al. (2018), in their journal paper, Review of adaptive thermal comfort models in built
environmental regulatory documents, found that the standards for thermal comfort are
less of a problem than their application, as there is an apparent lack of application of
overheating standards to address overheating generally. This is reflected in the
application of overheating standards within Irish Part L standards, which do not
reinforce the importance of overheating standards in low energy buildings, resulting in
the application of these standards being treated as insignificant.
CIBSE TM59 was released in 2017 and relies heavily on the guidance outlined in
CIBSE TM52 (2013) in defining the principles for thermal comfort. Other aspects of
overheating, and how to design to reduce overheating, are referred to CIBSE Guide A.
This includes advice on sleep quality, identifying that sleep quality may be compromised
at temperatures above 24°C, and recommends that peak bedroom temperatures should
not exceed 26°C (Bonfigli et al., 2017). The methodology outlined in TM59 also requires
simulations to include zoning of dwellings stating that ‘all sample units should be zoned
into the separate rooms including kitchens, living rooms, bedrooms, bathrooms and
halls’(Bonfigli et al., 2017). This is supported by EN 15251, which requires that in order
to evaluate the performance of a building in its entirety the individual rooms must be
simulated (National Standards Authority of Ireland, 2007a). This provides a rationale for
implementing the Tvm approach referred to within the methodology for this research. It
ensures that the monitoring phase of the research records temperatures in each
dwelling zone. This also allows for zonal variations to be identified to determine the
accuracy of applying a single temperature to simulate overheating in dwellings.
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The criteria for compliance with overheating thresholds are set out in TM 59 as
follows, where a room or building must meet the following criteria:
“(a) For living rooms, kitchens and bedrooms: the number of hours during which
∆T

is greater than or equal to one degree (K) during the period May to September

inclusive shall not be more than 3 per cent of occupied hours. (CIBSE TM52 Criterion 1:
Hours of exceedance).”(Bonfigli et al., 2017)
“(b) For bedrooms only: to guarantee comfort during the sleeping hours the
operative temperature in the bedroom from 10 pm to 7 am shall not exceed 26 °C for
more than 1% of annual hours. (Note: 1% of the annual hours between 22:00 and 07:00
for bedrooms is 32 hours, so 33 or more hours above 26°C will be recorded as a fail).”
“Criteria 2 and 3 of CIBSE TM52 may fail to be met, but both (a) and (b) above
must be passed for all relevant rooms.”(Bonfigli et al., 2017)
A key issue with applying the above two parameters, is their link to outdoor
temperature. TM59 does not require any other parameters outlined in TM52 to be met
for a predominantly naturally ventilated home. This includes dwellings with MVHR
systems. This would indicate that during an extended period where an outdoor
temperature of in excess of 28°C is experienced, the indoor temperature may be in
excess of 27°C for the same period, for example. Bedrooms are more restrictive,
however, the threshold for overheating is set at 26°C for not more than 1% of the year.
The approach of applying a 26°C fixed threshold for 1% of the year or less, is
contradictory to TM52 which claims that fixed temperature thresholds are not
appropriate. It also contravenes WHO guidelines which recommends healthy living or
sleeping environments do not exceed 24°C. There is no restriction on hours of
exceedance for temperatures between 24°C and 26°C in bedrooms, provided the
outdoor temperature is 1K greater during the same period.
In accordance with TM52 and EN15251, TM59 recommends that overheating
thresholds for assessment of overheating in natural ventilated buildings are set based
on overheating categories, based on buildings types as in Figure 2.3 (Bonfigli et al.,
2017).
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Category I:

• This is a category of building which houses vulnerable occupants such
as elderly, sick and infants. Nursing homes, creches and hospitals are
all considered to fall under this category.

• used for new buildings generally and used as the default option
Category II:

Category III:

• for existing buildings (should not be used for the purposes of the
TM59 methodology)

Figure 2.3 Building categories for the application of overheating thresholds under CIBSE TM59.
Source: (Bonfigli et al., 2017).

Based on these categories, category II is considered to apply to all new dwellings
which are not designed to accommodate vulnerable occupants. Figure 2.4 highlights the
range of indoor temperatures which define the upper threshold for overheating, based
on building categories. Free running mode is defined as a building in a mode when it is
neither heated nor cooled (Bonfigli et al., 2017). This research is focused on naturally
ventilated dwellings in free running mode.
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Figure 2.4 Limiting values for the operative temperature in buildings operating in free running
mode as a function of the exponentially weighted running mean of the external temperature.
Source: (Bonfigli et al., 2017)

One of the key issues with CIBSE TM52 is that all recommendations are based on
‘thermal comfort’ models. The suggestion within TM52 that a single temperature
overheating limit is problematic, is premised on the fact that all data gathered to support
this document is from thermal comfort studies, predominantly carried out in
commercial buildings. Within TM52, thresholds are set per Figure 2.4 above. Figure 2.4
suggests that temperatures in excess of 28°C may be acceptable during warmer
summers (Nicol and Spires, 2013). This conflicts with Fanger’s findings of 1970, which
are referenced within TM52, as Fanger clearly found that there was no correlation
between perceptions of thermally comfortable conditions and climate of origin (Nicol
and Spires, 2013). This indicates that test subjects from various climates felt
uncomfortable when challenged with the same conditions. The prospect that during a
‘hot summer’ a higher threshold for overheating may be acceptable is not rational on
this basis, as being exposed to a more extreme climate is not a factor in an individual’s
perception of thermal comfort. When applied to dwellings, this approach to overheating
thresholds is also not grounded in evidence, when studies have been limited to
commercial buildings.
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WHO recommends that a safe and healthy temperature threshold for occupants
is between 18°C and 24°C, above which cardiovascular stress is induced (Dengel and
Swainson, 2012). Furthermore, a move toward the development of lifetime homes,
which promote homes which are adaptable across the lifetime of occupants, is
overlooked through the implementation of overheating thresholds which do not
accommodate occupants of all ages. All occupants can be considered ‘vulnerable’ at
various stages in their life, and designing homes which do not include overheating
thresholds which protect an occupants health, will require retrofit measures, if new
homes are to become lifetime homes.
2.9

Overheating standards in North America
Although North American standards are not directly applicable in European

countries, many overheating and thermal comfort standards in Europe make reference
to the American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) standards. CIBSE TM52 makes reference to ASHRAE standard 55 with regard
to thermal comfort and indoor environmental conditions (Nicol and Spires, 2013).
ASHRAE Standard 55 provides detailed analysis of how thermal comfort for an occupant
should be defined and measured. Similar to EN 15251 the standard sets a threshold for
acceptable operative temperature in naturally ventilated buildings, which is based on a
mean outdoor temperature, referred to as the prevailing mean outdoor temperature.
This defines a range of acceptable operative temperatures at any given outdoor
temperature, but also allows for this range to fluctuate up and down, as demonstrated
in figure 2.5.
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Figure 2.5 Acceptable operative temperature ranges for naturally conditioned spaces from
ASHRAE standard 55. source: (American Society of Heating, 2017)

In order to achieve design compliance for a naturally conditioned space the
indoor air temperature must be within the operative limits for the 80% acceptability
range for typical scenarios (American Society of Heating, 2017). This threshold applies
to standard dwellings. The 80% acceptability limit infers that 80% of the population
would typically find the temperature thermally acceptable. The 90% acceptability limit
is used in more extreme cases, where a more refined range may be required. The
prevailing mean outdoor air temperature is calculated based on the daily mean outdoor
temperature for at least 7 days (and not more than 30 days), prior to the day which is to
be assessed. The typical average summertime daily temperature for Ireland is
approximately 15°C. The acceptable indoor operative temperature varies between 19°C
and 26°C for a prevailing mean outdoor temperature of 15°C. During an extreme period
where average daily temperatures do not drop below 22°C for more than 7 consecutive
days, this would allow for indoor operative temperatures to exceed 28°C.
The key issues with the ASHRAE standard are that the limits of acceptability are
determined through the application of thermal comfort studies. Standard 55 requires
an environment to be within 80% boundaries predicted by the adaptive model, which is
primarily designed around the satisfaction ratings from thermal comfort models. The
standard highlights that a 90% satisfaction rating is acceptable, however an additional
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10% of the percentage dissatisfied can be attributed to discomfort in local parts of the
body, resulting in a maximum satisfaction rating of 80%. From this, an 80% acceptability
limit is derived.
2.10

The concepts of thermal comfort and thermal health
Many overheating standards across Europe such as; DIN 1946-2 and the EN

15251, recommend overheating limits which have been determined predominantly
from the results of occupant based thermal comfort studies (Dengel and Swainson,
2012). Dengel & Swainson (2012) propose that any definition for overheating should be
grounded in thermal health rather than thermal comfort. Thermal comfort thresholds
are generally based on the occupant’s sensitivity and awareness of thermally
comfortable conditions. Various occupants may interpret the same experiences
differently. Thermal health thresholds define specific overheating parameters, which
are known to have a potentially negative impact on an occupant’s health. Dengel &
Swainson highlight that research by the World Health Organisation (WHO) determines
a safe thermal health threshold of between 18°C and 24°C (Dengel and Swainson, 2012).
The WHO recommendations on thermal health thresholds date back to a WHO working
group report published in 1984, when WHO refined their recommendations for thermal
health thresholds from their initial 1960’s recommendations, from a range of between
15°C and 25°C, to between 18°C and 24°C (Ormandy and Ezratty, 2012). This WHO
recommendation remains unchanged since 1984. Ormandy and Ezratty (2011) conclude
that the WHO revised thermal comfort range of 18°C to 24°C is now supported by
evidence and is generally adopted as the thermal comfort range necessary to protect
occupant health (Ormandy and Ezratty, 2012), yet overheating standards such as
ASHRAE Standard 55, and CIBSE TM59 maintain a threshold of greater than 24°C. This is
of particular concern in dwellings occupied by vulnerable occupants. In a study carried
out in England, Lomas et al. (2021) identified that reported levels of overheating in
dwellings occupied by elderly persons over the age of 75 was much lower than those
under the age of 64. However the measured occurrences of overheating amongst the
elderly samples was approximately 50% higher in bedrooms, than the younger
households. Lomas et al. conclude that the elderly occupants (over 75’s) perception and
awareness of overheating was much lower than the under 64’s. The dwellings occupied
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by the over 75’s were also determined to be inherently more likely to overheat, while
the occupants are less likely to plan and execute mitigation measures to control summer
overheating.
Given the inconsistency in overheating thresholds across Europe and the WHO
upper threshold recommendation of 24°C, simulation of overheating with an adaptable
threshold within the assessment may be more appropriate. At a minimum, a 24°C
threshold should be included for bedrooms, within all standards for overheating. Studies
relating to appropriate sleeping temperatures are required to determine the impact of
high bedroom temperatures on occupants health, as existing thermal thresholds are
based on people while awake (Lan and Lian, 2016). Although limited data is available, a
study carried out by Fuji et. al in 2015 highlighted that there is a direct correlation
between fatigue and increased bedroom temperatures, in occupants surveyed during
their study (Fujii et al., 2015). This study involved monitoring bedroom temperatures
while asking participants to score their level of fatigue, resulting in higher temperatures
scoring higher levels of fatigue (Fujii et al., 2015). When taken with WHO
recommendations, the upper threshold for bedroom temperatures may be more
appropriately set at 24°C. Coupled with the capacity for an nZEB dwelling to retain heat
for prolonged periods, thereby exacerbating overheating issues, a software package
such as PHPP, which allows for a combined overheating and energy assessment, may be
preferable in assessing overheating, while refinements to the overheating simulation
may be required.
2.11

Application of legislation and standards in the context of this study
The legislative standards set out under Part L are applicable to the design and

construction of the test dwelling used in the quantitative study. These standards are
crucial in understanding how the building performs and how the building envelope
compares to minimum standards. The Passivhaus standards, and the international
adoption of PHPP as a method of determining a buildings energy consumption
simultaneous to overheating frequency, are crucial to the quantitative investigation. The
methodology for the quantitative investigation aims to identify how the simulation of
PH dwellings compares to measured overheating, while an understanding of how
measured overheating compares with CIBSE standards can be identified. The application
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of a reduced threshold of 24°C, in accordance with WHO thermal health thresholds can
also be simulated in PHPP. The standards discussed in this chapter have been applied in
the design and construction of dwellings across Europe in recent decades, while
numerous research papers highlight that the overheating standards are either not being
met when on site temperatures are measured, or the standards are not robust enough
to reduce the risk to the health of vulnerable occupants. The identified issues with
overheating are discussed in more detail later in this document, in order to determine
the building envelope parameters, meteorological factors and climate change issues,
which impact overheating in low energy dwellings. Developing an understanding of how
overheating occurs, and will occur in the future, provides a platform for this research to
develop recommendations on how low energy dwelling standards and overheating
standards can evolve, as the environment in which they are constructed evolves.
2.12

Conclusion
The primary objective of many European nations in implementing the EPBD, has

been on reducing a buildings heat demand in winter, while minimal interventions have
been included in legislation to reduce overheating. Within temperate climates across
northern Europe such as; Ireland, UK, Denmark and Sweden, this has resulted in
increased levels of overheating, as a result of building envelopes which contain heat for
longer periods and promote solar gain to minimise winter heat demand. In Ireland,
legislation to address the issue of solar overheating in dwellings has been absent from
Part L regulations until the introduction of Part L 2019. This may be partly due to a very
low quantity of studies which monitor indoor temperatures in Irish dwellings, and the
low occurrence of overheating historically in Irish homes. Future overheating is of
greatest concern in this regard.
The standards referred to in Part L 2019 includes CIBSE TM59, to reduce
overheating in dwellings. Temperature thresholds for overheating in this standard are
not aligned with requirements to minimise the impact of overheating on occupant
health. These thresholds for overheating are contrary to WHO recommendations which
recommend 18-24°C as an acceptable temperature range for healthy indoor
environments, beyond which cardiovascular stress is an induced. The national energy
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assessment procedure for dwellings in Ireland does not include an assessment of
overheating.
Various studies across Europe have identified a growing issue with overheating
in low energy dwellings since the introduction of the EPBD in 2002 and recast of 2011,
highlighting the necessity to simulate how overheating will affect low energy dwellings,
in tandem with the current energy assessment procedures. Any proposed overheating
simulation should incorporate a robust and adaptable methodology which assesses a
buildings overheating frequency in tandem with energy consumption, on an annual
basis, while independently assessing extreme periods as they become a more common
occurrence. This simulation of overheating should be more dynamic in nature to that of
the overheating simulation presented in PHPP simulations. Although PHPP simulations
adopt a holistic approach to simulating overheating alongside spaced heat demand, the
treatment of a dwelling as a single zone for the purposes of overheating simulations,
may underestimate the impact of zonal overheating in dwellings. Zonal overheating can
occur as a result of varying orientation, volume and location of a space, and must be
considered during the design of new dwellings, therefore the simulation which informs
the design should provide an insight into zonal variations in overheating.
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Chapter Three
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Chapter Three
Stimuli for overheating in dwellings
3.0

Introduction
The natural tendency of low energy buildings is to retain heat for longer periods,

as a result of reduced heat loss through the thermal envelope. This increases the
likelihood of overheating during warmer periods. This chapter identifies the contributing
factors to overheating in nZEB and Passive house (PH) dwellings. The key factors
identified in this chapter include the optimisation of the building envelope to retain
heat, and both internal and external factors which contribute to overheating. These are
categorised within the chapter as ‘building envelope’ and ‘meteorological’ factors. The
factors relating to the building envelope, are discussed in the context of; the retention
of heat within a dwelling, heat gains within the building envelope, the capacity of the
building elements to retain and emit this heat energy, and the ability of the translucent
elements of the building to transmit external energy to the internal space. The
meteorological factors are focused on the specific meteorological factors which trigger
overheating, specifically temperature and solar radiation. Occupant behaviour also has
an impact on overheating in dwellings, which is predominantly in contributing to internal
heat gains. This is discussed in detail within this chapter. As this research is primarily an
empirical investigation, the research is approached from an objective perspective.
Occupant behaviour is considered to exist within the simulation process by way of
general internal heat gains per metre squared of floor area. Post occupancy overheating
is likely to vary from standardised assumptions, however the empirical study in this
project is focused on a single dwelling, and no comparison can be drawn from
monitoring occupant behaviour. For the purposes of this chapter, occupant behaviour
is considered to be both a combined factor within the internal heat gains, while
interaction with the space in terms of user behaviour is discussed within the
methodology. The remainder of this chapter is focused on the initial occurrence of
overheating, as opposed to overheating mitigation factors.
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3.1

Building envelope performance
The design of nZEB and PH dwellings relies heavily on a buildings capacity to

retain and control heat energy. All nZEB dwellings in Ireland are assessed in accordance
with the DEAP methodology (Department of the Environment, 2019; Sustainable Energy
Authority of Ireland, 2019). In the UK, these assessments are carried out under the SAP
methodology (Department of Energy and Climate Change, 2014). The design of a PH
dwelling relies on a simulation carried out under the PHPP methodology. While DEAP
calculations in Ireland include an assessment of the thermal envelope, which includes
the impact of solar radiation, the inputs for solar radiation do not go so far as to identify
overheating as a result of solar radiation (Sustainable Energy Authority of Ireland, 2019;
Department of Energy and Climate Change, 2014). Solar radiation is a key factor which
contributes to overheating, coupled with the thermal envelope of the building. A PHPP
analysis includes a similar assessment of the thermal envelope, while also conducting an
overheating analysis, which is based on the performance characteristics of the thermal
envelope. This includes elements such as shading devices, which may be incorporated
to reduce the impact of solar radiation on overheating (Feist et al., 2013). Numerous
building related design factors contribute to overheating in buildings, and the below
factors are identified as key factors which are explored further within this subsection:
•

Thermal insulation standard (contributing to heat retention and losses)

•

Glazing systems, orientation of glazing and shading devices (contributing to heat
retention, losses and solar gains)

•

Air tightness and ventilation

•

Internal heat gains

•

Thermal mass, thermal inertia and decrement factor

PH and nZEB design principles provide a holistic approach to optimising all of the
above, to minimise space heat demand in winter. Consideration must be given to how
these factors impact the overheating frequency of the building across all seasons.
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3.1.1 Thermal insulation standards
Thermal insulation contributes to heat retention within buildings, by resisting
conductive heat flow. This is achieved through the introduction of materials with low
thermal conductivity. Typical thermal insulation materials used in buildings vary
between 0.022W/mK and 0.09W/mK (The National Standards Authority of Ireland,
2008), with some more recently available materials achieving values below this. The
minimum standards for thermal insulation are defined through the implementation of
minimum u-values under Part L (Department of the Environment, 2019).
As the thermal envelope is optimised to retain heat during cold weather periods,
this results in a building which retains heat to an even greater extent in warm and hot
weather periods. Heat loss from buildings is typically measured as a U-Value (W/m²K) in
Europe, which is the direct inverse of the total resistance (R-Value) of each building
element. Although building U-values are optimised to minimise winter losses, the heat
loss associated with any U-value is directly proportional to the temperature difference
between indoors and outdoors. The unit K, within W/m²K, represents the Kelvin (K) scale
of temperature. The incremental increase in outdoor temperature on the Kelvin scale,
equates to that of the Celsius scale. At 0K, this is defined as absolute zero, and is equal
to -273°C, while 273K equates to 0°C (Cleveland and Morris, 2014). The Kelvin scale is
used in defining energy units in buildings, while measured air temperature refers to
degrees Celsius (°C). A 1K increase or decrease in temperature is equal to a 1°C increase
or decrease, albeit at a different point in each scale. The temperature difference from
inside to outside can be referred to as ΔT. The lower ΔT becomes, the lower the heat
loss becomes across a building element (Bolattürk, 2006), therefore during warmer
periods heat accumulation in a building will dissipate at a much lower rate than during
the colder winter months. Increased insulation standards from that of historic building
stock creates increased overheating risk in passive house and nZEB dwellings, unless
measures are taken to control heat accumulation in warmer months. Colclough et al.
(2017) identified that PH dwellings monitored as part of their research in Northern
Ireland, reached average summertime temperatures of between 1.2°C and 1.6°C higher
than equivalent new dwellings which did not meet PH standard. This demonstrates the
potential impact of increased building energy standards on overheating.
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Table 3.1 below outlines minimum elemental u-values for compliance with Part
L 2019. Although these values are minimum targets for the individual elements, when
taken together they do not constitute a Part L compliant building as the likelihood is,
when all minimum elemental targets are applied the overall building energy
consumption will not comply with the EPC rating of 0.30 required for all Part L 2019
dwellings.
Building element
Wall Type 1 - Main external walls
Floor type 1 - Main ground floor
slab
Roof Type 1 - Main roof
Wall Type 2
Roof Type 2
Roof Type 3
Windows (average)– Overall
window (Uw) per EN ISO 100772:2011
Glazed doors (average) - Overall
window (Uw)
Glazing g-value / solar
transmittance (g)
Door – Solid timber panel entrance
door (Ud) per EN ISO 10077-2:2003
Air tightness test result per
EN13829
EPC

Part L 2019 minimum standard
U-Value : 0.18 W/m²K
U-Value : 0.18 W/m²K
U-Value : 0.16 W/m²K
U-Value : 0.18 W/m²K
U-Value : 0.16 W/m²K
U-Value : 0.16 W/m²K
U-Value : 1.4 W/m²K
U-Value : 1.4 W/m²K
No minimum standard
U-Value : 1.4 W/m²K
q50 : 5 m³/m²/hr generally,
3 m³/m²/hr for dwellings with mechanical
ventilation
0.30

Table 3.1 minimum performance characteristics as set out in Part L 2019 (Department of the
Environment, 2019)

Coupled with planar heat loss represented by u-values, thermal bridging occurs
at the junctions between the various building elements (Sfarra et al., 2019). The
principles of both PH and nZEB dwellings, aim to minimise heat loss as a result of thermal
bridging, as well as heat loss through planar elements. Sustainable Energy Authority of
Ireland (2019) require that within a DEAP assessment a dwelling account for thermal
bridging by including a Y-factor. Thermal bridging is first measured by calculating Psi
Value (Ψ), which is defined as the linear thermal transmittance or point loss, for each
junction between planar elements or structural connection (National Standards
Authority of Ireland, 2007b). The Y-factor is determined by multiplying the length or
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quantity of each thermal bridge by the Ψ value for the same thermal bridge, to find the
total heat loss for all occurrences of each junction (Pittam and O’Sullivan, 2017). Pittam
and O’Sullivan (2017) highlight that these values are then added together and divided
by the total envelope area of the building, to determine the average heat loss per metre
squared for the external envelope. In a typical dwelling where thermal modelling is not
conducted, a Y-factor of 0.08W/m²K must be included in a DEAP assessment, where a
dwelling complies with a set of accredited construction details issued to complement
Part L (Department of the Environment, 2019). In passive house dwellings, the Y-factor
may be substantially lower than this, where thermal modelling for each building junction
is carried out. This thermal bridging assessment is carried out as part of the PHPP
analysis that forms part of the quantitative study in this research.
When combined, reduced planar heat loss and reduced thermal bridging can
substantially reduce the space heat demand in a dwelling. Colclough et al. (2018)
identified that the total space heat demand in a passive house in Ireland, can be 62%
lower than that of a typical modern dwelling in Ireland built over the last decade. This
not only creates a low demand for heat in colder periods but reduces losses during
warmer periods. Fosas et al. (2018) identified that the direct impact of increased
insulation standards, in a well-ventilated building, may account for less than 5% increase
in overheating. Where a purge ventilation strategy is not implemented however,
increased insulation standards contribute significantly to increased overheating (Fosas
et al., 2018). This may indicate a greater impact on dwellings which are unoccupied
during daytime hours, when purge ventilation is not possible due to security issues.
3.1.2 Orientation and shading of glazed elements
The use of insulated glazing in low energy dwellings promotes thermal comfort
in winter by minimising losses, while optimising solar gain. During the winter months
glazing provides a practical means of channelling solar radiation into the occupied
spaces of a building, thereby reducing space heat demand through passive solar gain
(Hopfe and McLeod, 2015). This also promotes high levels of solar radiation to be
channelled into a building during warmer periods, unless appropriate design measures
are implemented to reduce solar gain (Feist, 2016). The transmission of solar radiation
into occupied spaces of a building is reliant upon various factors including; orientation
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of glazing, solar transmittance of glazing systems, glazing to wall area ratio, glazing
exposure, and over shading of glazing systems.
Simulations carried out on a Passivhaus dwelling in Gothenberg, Sweden, in
2006, highlight that reducing the area of south glazing in a test case by up to 50%, had
minimal impact on the heating demand of the building (Persson et al., 2006). Persson et
al. (2006) identified that when balancing wintertime heat demand and summer cooling
demand, the most energy efficient way of building the dwelling would be to have no
windows at all. As the study by Persson et al. is primarily conducted to identify energy
associated with heating and cooling, daylighting and natural ventilation must be
considered, and the study concludes that having no windows would not be practical, or
advisable. In their conclusions, Persson et al. (2006) note that an increase in window
area facing south did not noticeably influence the heat load of the building, but an
increased ventilation requirement was evident, along with increased shading
requirements in summer. Without increasing shading devices and ventilation, an
increase in summer cooling demand was observed. This is predominantly due to the
buildings increased capacity to contain heat energy, resulting in a building envelope
which is much less sensitive to fluctuations in short wave radiation in winter, than in
summer.
A simulation conducted on a commercial Passivhaus building in Turin, by Chiesa
et al. (2019) identified similar results to Persson et al., but also considered the impact
on natural daylighting. The study identified that an increase in window to wall ratio,
resulted in lower energy consumption associated with lighting, while summer
overheating increased. A reduction in energy demand was deemed to be associated with
increased winter gains, while simultaneously this was counterbalanced by increased
losses, providing no real benefit. Chiesa et al. (2019) conclude that increasing the
window to wall ratio is less beneficial in promoting solar gain than originally anticipated.
The studies by Chiesa et al. (2019) and Persson et al. (2006) conclude that increased
window to wall area ratios, beyond 50% on the south façade, is shown to increase
energy consumption, as a result of winter energy demand being broadly unaffected,
while summer cooling loads increase substantially.
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Baborska-Narozny and Grudzinska (2017), in their journal paper which identifies
the extent of overheating in UK apartment blocks retrofitted to low energy standards,
highlight that the majority of measured overheating could be avoided through design
mitigation strategies. Baborska-Narozny and Grudzinska (2017) modelled the
apartments to determine how the measured overheating could be reduced and found
that dynamic transient modelling could have informed the design of the apartments to
almost prevent overheating entirely in the apartments where overheating was present.
This demonstrates the importance of simulating summertime overheating in tandem
with winter heat demand, when designing the building envelope.
3.1.3 Glazing system properties and impact on solar gain
Glazing systems are reliant on the performance of the individual glass panes
which make up a double or triple glazed unit. For the purposes of this sub-section, the
focus is on the heat loss and heat gain through the centre of the glazing section. These
values are measured as centre pane U-Value, and centre pane G-value. Both are
measured perpendicular to the windowpane. A double or triple glazed unit transmits
short wave solar energy to a space due to the translucence of the glass layers. It is
important to consider that a glazing unit is translucent, and not fully transparent. Part
of the shortwave radiation emitted by the sun is reflected, part is transmitted directly,
and part is absorbed and re-emitted through secondary transmission (Chandra, 2003).
The energy transmitted is measured as a fraction, known as the G-value (Greenspec,
2020).
Each pane of glass within a triple glazed unit is impacted by reflection and
absorption, and the G-value is a measure of the combined transmission across all layers
within the glazing unit. The absorbed radiation is released by the glazing in both
directions through secondary transmittance, as demonstrated in Figure 3.1. A key factor
in calculating the absorption coefficient of glass, is in the extinction coefficient (Ke). If a
Ke value is low, this provides for higher rates of transmission, and lower absorption.
Higher Ke values result in lower transmission, and higher absorption. Typically, the
difference is dependent on the percentage of ferric oxide (Fe2O3) in the glass. ‘Low Iron’
glass, which is typically used to promote solar gain and clearer views, may have an Fe2O3
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concentration of 0.01%, while heat absorbing glass may have an Fe2O3 concentration of
0.5% (Chandra, 2003).

Figure 3.1– Reaction of shortwave solar radiation to glass. Source: (Greenspec, 2020)

The specification of glazing systems has an impact on overheating, as well as heat
demand. Figure 3.2 demonstrates how triple glazed units, with low emissivity (low-e)
coatings allow for long wave radiation from within a building to be reflected back into a
building, while allowing shortwave radiation from the sun to be transmitted through the
triple glazed unit. This low-e coating, in combination with low iron glass, can promote
solar gain while reflecting heat energy back into the building. This provides benefits
during colder periods, however, also contains heat to a greater extent during warmer
periods.

Figure 3.2– Reaction of shortwave solar radiation and long wave radiation from within a space to a triple
glazed unit. Source: (Greenspec, 2020)

3.1.4 Air tightness and ventilation
A key factor to retaining heat in buildings to minimise winter losses, is air
tightness. Although air tightness and ventilation are entirely different themes in low
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energy building design, unintended ventilation as a result of air infiltration can lead to
increased heat loss, increased space heat demand, and increased heat loads during
winter months.
A study by Jokisalo et al. (2009) in Finland, identified that air infiltration in
dwellings contributes to between 15% and 30% of energy consumption associated with
space heating. In an effort to reduce air infiltration in buildings, Irish Building Regulations
introduced air tightness targets in 2008 (Department of Environment, 2008). Air
tightness set out in the Irish Building Regulations is represented by a unit of
measurement referred to as metres cubed per metres squared per hour m3(m2h). A
resulting air tightness measurement of 1m3(m2h) equates to 1m3 of air volume from
within the building, being inadvertently lost through each 1m2 of the external building
envelope, per hour.
Recent research has shown that dwellings constructed to an air tightness rate of
5m3(m2h), may fail to meet industry norms for indoor air quality, when constructed with
standard trickle vent, or passive vent solutions (Howieson et al., 2014). It is therefore
crucial to identify how the combination of ventilation and air tightness contribute to air
quality in dwellings. This forces the installation of mechanical ventilation systems in
many nZEB and PH dwellings. The efficiency of mechanical ventilation systems with heat
recovery is impacted negatively by air infiltration rates above 3m3(m2h) (Department of
the Environment, 2009). This in turn pushes designers and builders to apply more
stringent air tightness targets to that of the minimum standards, in order to ensure that
air tightness and ventilation targets are balanced to ensure air quality in dwellings. This
in turn impacts heat retention and overheating during warmer periods.
Air tightness measures applied to reduce energy demand in winter, are aimed at
retaining heat energy in buildings for longer periods. When considered in tandem with
all other elements of the building envelope in nZEB and Passivhaus dwellings, this
provides a summertime environment which retains heat energy for longer periods, and
requires increased air change rates for ventilation, when compared to that of a typical
20th century dwelling unit. Although increased air tightness can also contribute to a
reduction in heat gain from unintended warm air infiltration in summer (Joseph and
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Dutta, 2014), this impact is minimal in a climate where outdoor temperatures rarely
exceed 25°C, and nZEB and Passivhaus dwellings are designed to optimise passive solar
gain, which in turn promotes heat gain. Consideration must therefore be given to the
contribution of increased building standards in promoting overheating.
3.1.5 Internal heat gains
Internal heat gains occur in every occupied and functioning building. The main
sources of internal heat gains include: occupants, electrical equipment & lighting
(Coşkun et al., 2017). In order to accurately gauge the thermal performance of a building,
internal heat gains must be considered. In winter months internal heat gains can provide
a positive contribution to heat gain within a dwelling and reduce the demand for the
production of heat to maintain comfortable internal temperatures. This is referred to as
a useful heat gain. In the warmer months these gains may be undesirable, and may lead
to an increase in indoor temperature, beyond overheating thresholds.
CIBSE Guide A indicates that occupants within a space can contribute to internal
heat gains, with an average adult male contributing a total of 115W of energy to a space,
while seated and inactive (Parand, 2015). The sensible heat gain, used in calculating
overheating, is 59W (Littlefair et al., 2006). Additional gains from lighting and equipment
vary broadly depending on building category. In accordance with CIBSE TM37, it is
assumed that gains from many typical domestic appliances, such as tumble driers,
dishwashers, ovens and hobs, do not contribute to internal gains (See table 3.2). Heat
gains associated with washing machines and kettles are assumed to be included.
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Type of equipment

Consumed per
cycle / kW.h

Kettle
0.11
Washing machines:
A-rated (60 °C wash)
0.94
A-rated (40 °C wash)
0.56
C-rated (60 °C wash)
1.23
C-rated (40 °C wash)
0.74
a
Condenser tumble driers :
A-rated
1.84
C-rated
2.54
b
Dishwashers :
A-rated (65 °C wash)
1.00
A-rated (55 °C wash)
0.70
C-rated (65 °C wash)
1.32
C-rated (55 °C wash)
0.92
Ovens (electric or gas):
A-rated
0.97
C-rated
1.37
Hobs:
Electric
0.725
gas
1.00
* 07:30–17:30
a For externally vented driers, heat is assumed
therefore casual gains can be ignored.

Typical no. of
cycles in
residential
summer day *
2

Average power
emitted in
residential
summer day* /W
22

0
1
0
1

0
56
0
74

0
0

0
0

0
0
0
0

0
0
0
0

0
0

0
0

0
0

0
0

to be vented outside the space and

The figures include heat in waste water that would in practice be piped outside the
space, so therefore represent worst case values as far as internal gains are concerned.
b

Table 3.2 Energy consumption per cycle for typical domestic equipment. Source: (Littlefair et al.,
2006)

Within a PHPP assessment a total figure for internal heat gains is assumed to be
2.1W/m2 for the standardised method of calculating internal heat gains in single family
dwellings. A study by Elsland et al. (2014), indicated that end use internal heat gains,
across various dwelling test cases, resulted in measured internal heat gains between
3.8W/m2 and 6.6W/m2 (Elsland et al., 2014). This would indicate that the PHPP
standardised method underestimates internal heat gains in dwellings The standardised
method is based on standard utilisation patterns and dwelling occupant numbers. A
second method of calculating internal heat gains in PHPP is also made available, which
includes an IHG worksheet, which bases the internal heat gains on the specific
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appliances installed in the dwelling. This provides a more adaptable approach to
calculating internal heat gains and may be more robust than standardised assumptions
per metre squared, as it allows for heat gains be based on known equipment within a
building. The standardised approach may provide for a conservative approach to
calculating space heat demand, however this may lead to negative consequences in
warmer months, when internal heat gains contribute to overheating in dwellings. With
the increasing use of LED lighting, heat gains from lighting are reduced, however
Elsland et al. (2014) highlight that the largest share of internal gains in dwellings is
attributed to large appliances, and not lighting. This may support the application of an
appliance-based calculation, on a dwelling-by-dwelling basis. Alternatively, the
standardised assumption of 2.1W/m2 could be redefined for summer calculations, to
reduce any negative consequence on underestimated space heat demand in winter.
CIBSE TM37 assumes that large appliances such as condenser driers do not
contribute to heat gains, due to hours of operation and disposal of wastewater to
outside. The gains from such appliances within extremely well insulated envelopes, will
be contained for longer periods beyond that of older housing stock. The majority of
modern condenser driers are also not piped to outside, nor do they have a vent to
outside, but contain a catchment tank for condensate, which results in high quantities
of heat being produced and contained solely within a dwelling. Taking an example of a
100m² passive house dwelling, with a heat load of 10W/m², this would result in a total
heat load of 1kW to heat this dwelling on a cold winter day. Assuming the condensing
drier is close to 100% efficient, installation of a 1.84kW drier within the dwelling
envelope (from table 3.2), would result in the condenser drier alone exceeding the
dwellings heat demand while operational. This would contribute to short-term
overheating during its operation, across all months of the year. Although the appliance
may not run for an entire day, these gains will contribute to an increase in overheating
as outdoor temperatures rise during spring and may continue through to summer and
autumn. Given that this is a single appliance, when factored with additional necessary
appliances in smaller dwelling units, the standard application of 2.1W/m2 for internal
heat gains (Feist et al., 2013), is a substantial under estimation during extreme periods,
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which could lead to significant differences between simulations and measured
overheating frequency in passive house dwellings.
3.1.6 Thermal mass
Thermal mass is defined as the capacity for a buildings construction elements to
absorb, retain and re-emit heat. Constructing with materials of high thermal mass,
allows a building to regulate temperature fluctuations (Ghoreishi, 2015). As overheating
occurs during periods of high temperature and high solar radiation, buildings with high
thermal mass can delay and reduce overheating by providing a medium to absorb
energy which ordinarily contributes to high air temperatures. Well insulated buildings
with low thermal mass, have been shown to contribute to increased discomfort even
during mild summers in the UK, as demonstrated by Adekunle and Nikolopoulou (2016).
Kendrick et al. (2012) identified that increased thermal mass has the potential to create
housing which is more resistant to overheating in temperate climate zones such as the
UK and Ireland, however thermal mass within a building must be considered alongside
factors such as solar shading and natural ventilation. Kendrick et al. (2012) highlight that
housing with high thermal mass has the potential to reduce day time running
temperatures, however, consideration must be given to the fact that dwellings are quite
often not occupied during day time hours, resulting in evening and night time
temperatures being of greater significance. Lightweight construction, with low thermal
mass, has the capacity to be cooled much more quickly during evening hours (Kendrick
et al., 2012). For future scenarios, Kendrick et al. noted that in the 2050’s scenario,
dwellings of lightweight construction could be much easier cooled in the evenings, when
simulated with natural ventilation. It is therefore important to consider an overall
building cooling strategy, which addresses the role of thermal mass, as thermal mass
has the capacity to regulate temperature over longer periods, although it contributes to
a reduced capacity for rapid evening cooling.
The thermal mass of a building element is defined by more than just each
elements material properties. The proportion, quantity, and extent of each material,
taken in tandem with its thermal capacity, must be considered. As demand to reduce a
buildings environmental impact increases, the need to use construction materials in
smaller quantities, for longer lifespans, increases (Craig, 2019). Within PHPP
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simulations, the thermal mass of the buildings is considered by way of inputting the
specific thermal capacity of the building. This is measure in Wh/m2K (Watt hours per
metres squared Kelvin), to consider all internal and external components of the building
(Feist et al., 2013). Feist et al. (2013) highlight that in the context of the heat demand,
thermal comfort, and cooling demand of a passive house, it is an insignificant parameter,
when compared with other influencing parameters. Thermal mass is a simplified
indicator of a buildings thermal inertia, the latter of which is evaluated later in this
chapter. Although the thermal mass of a building is a frequently used metric in building
energy calculations, thermal mass on its own is not sufficient to describe the dynamic
thermal effects of heat energy on building elements (Verbeke and Audenaert, 2018).
Thermal mass does not consider the significance of the order of layers within
construction elements, the thermal inertia associated with latent heat storage, or the
rate of energy exchange between a space and the elements surrounding the space
(Verbeke and Audenaert, 2018). It is therefore important that thermal mass is
considered alongside the various other phenomena outlined in this chapter.
3.1.7 Thermal inertia and decrement factor
Improved thermal resistance through building envelopes, is generally considered
an important part of maintaining internal thermal comfort conditions in winter. This may
also be considered true in warmer periods, as heat gain can be reduced, when outdoor
temperatures exceed indoor temperatures. Thermal resistance is not the only
consideration during warmer periods. The thermal inertia of the building must also be
considered (Di Perna et al., 2011).
The thermal inertia of a building envelope is impacted by a range of material
properties including; material thickness (t), thermal conductivity (λ), specific heat
capacity (c), and density (ρ) (Stazi et al., 2018). From these properties an internal areal
heat capacity (κ), can be determined, along with a decrement factor (f). The κ value is
defined as the heat capacity divided by the area of the element for which the heat
capacity applies (Stazi et al., 2018). The differentiation between thermal inertia and
thermal mass, is that thermal inertia identifies how the building reacts across a given
time interval, while considering the thermal mass of the elements which make up the
building as a whole. Thermal inertia defines how a material reacts to its surrounding
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environment, and how long it takes to reach the set point temperature of its
surrounding environment. The impact of thermal mass on heating and cooling demand
within a building, cannot be identified without considering the resistance of the external
structures, nor can the thermal inertia (Aste et al., 2009). The rate at which thermally
massive elements of external building components reach internal set point temperature
will vary, based on the rate at which heat can escape through the outer face of these
components, therefore thermal inertia, thermal mass and thermal resistance must all
be considered in tandem, when determining the impact of thermal mass on cooling
demand within buildings. McGill et al. (2017), in their study which monitored the indoor
temperature of 53 dwellings across the UK, include a comparison between light weight
and heavy weight dwelling construction types. For the CIBSE requirement of maintaining
temperatures below threshold of 28°C for 1% of occupied hours, the living rooms in 38%
of dwellings of light weight construction breached this threshold, compared with 6% of
living rooms in dwellings of heavy weight construction. This demonstrates the impact of
both thermal mass and thermal inertia in regulating indoor temperatures.
The effect of thermal inertia is shown to be greatly affected by daily swing in
outdoor air temperature and solar radiation. Studies to identify the effect of thermal
inertia on the indoor temperature of a building, have proven to be more conclusive,
when studying buildings in a range of climates (Verbeke and Audenaert, 2018). When
coupled with other aspects of the building envelope, in particular glazing performance
and design, the accuracy of climate data used in simulations is of significance, when
determining space heat demand and overheating frequency (McLeod et al., 2012).
3.1.8 Building envelope factors as they relate to the quantitative investigation
The quantitative investigation conducted as part of this research relies heavily
on all of the above-mentioned building envelope factors. All building related factors are
fixed factors once a building is constructed, and performance characteristic for these
building elements are available through individual test reports and calculations for the
various components of the building. These factors are accounted for in the PHPP
simulation by following the methodology set out within PHPP guidance, for the
calculation of space heat demand, heat load and overheating frequency. These building
envelope factors are also relevant in the discussion of the comparative analysis, to
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determine the impact of each factor on measured overheating, and to identify if these
factors contribute to variations between simulated and measured overheating.
3.2

Meteorological factors and their impacts
The building envelope in low energy buildings, such as nZEB and Passivhaus

buildings, retains the capacity to regulate indoor temperature, throughout all seasons.
This is achieved through reduced transmission of heat energy across elements of the
external envelope, while introducing materials which regulate the internal temperature
of a building, as previously discussed. While designers of low energy buildings can
control these factors, through choices made at design stage, meteorological factors are
outside the control of designers. Although these factors are outside the control of
designers, monitoring of earth’s climate through meteorological readings, has been a
common practice for centuries. Present-day meteorological data stations, provide key
data for the generation of climate data sets, which can be used to determine how
buildings will perform under given climatic condition. This subsection identifies these
climatic conditions, and how they are incorporated into building simulations, in order to
predict the performance of buildings, at design stage. The climatic factors included in
typical climate data sets for PHPP calculations are as follows (Feist et al., 2013):
1. Temperature:
a. Ambient temperature
b. Ground temperature
c. Sky temperature
2. Solar radiation:
a. Global radiation
b. Radiation by Azimuth (North, South, East and West)
3. Atmospheric turbidity
4. Cloud cover
5. Humidity and dew point
6. Wind speed and direction
Within a PHPP analysis, climate data sets are used to calculate space heat
demand (kWh/m2.a), heat load (W/m2), overheating frequency (% of year), and cooling
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demand (kWh/m2.a) (Hopfe and McLeod, 2015). This research focuses on overheating
frequency in naturally ventilated dwellings in free running mode, and as such
meteorological factors are focused on factors which contribute to occurrences of
overheating.
Wind speed and direction are not considered to be meteorological factors which
impact the initial occurrence of overheating, primarily because wind speed and direction
contribute to heat loss, due to convective heat transfer through building elements. This
is accounted for within each individual u-value calculation, through the use of an
external surface resistance, which is the inverse of convective heat transfer coefficient,
which calculates the impact of wind speed over the surface of an external building
element (Defraeye and Carmeliet, 2010). Wind speed is not deemed to be a contributing
factor in the occurrence of overheating, and is therefore not discussed in further detail.
Although these factors have an impact on cooling, after overheating has occurred, the
initial occurrence of overheating is not caused by wind speed or direction. Another such
factor which does not contribute to overheating is sky temperature, which is also not
discussed in detail for this reason.
Humidity and dew point are relevant factors within climate data sets used to
simulate overheating, but are not relevant in the context of the occurrence of
overheating in buildings. They are relevant in the context of the cooling capacity of air
used to cool buildings. Existing research shows that the initial occurrence of overheating
is broadly unaffected by humidity, however the cooling demand and heating demand of
a building are impacted by outdoor humidity (Enshen, 2005). Higher humidity has the
effect of making occupants feel warmer, as perspiration on the skin is absorbed by high
humidity air at a lower rate. This gives the effect that air temperatures are higher than
they may actually be. This is an issue in thermal comfort studies, however thermal
comfort studies are not part of this research. This research focuses on the initial
occurrence of overheating, and how it is simulated, and as such humidity is not discussed
further.
Cloud cover and atmospheric turbidity have an impact on both temperature and
solar radiation. For this reason, these factors are discussed in tandem with temperature
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and solar radiation in the below subsections. The main focus of the below subsections
is in understanding ambient air temperature, and solar radiation. This is enhanced by
identifying the significance of both to overheating, while identifying how variations in
cloud cover and atmospheric turbidity impact temperature and solar radiation.
3.2.1 Ambient air temperature and indoor temperature
Ambient temperature is a separate factor to solar radiation, however the earth’s
temperature is influenced predominantly by the impact of solar radiation on the earth’s
surface, and outdoor temperature tends to increase during periods of high solar
radiation. This is evident from the cooling which occurs, from approximately noon in any
given day, when the sun begins to drop from its highest altitude, until sunrise the
following day (Makowski, 2009). Although ambient air temperature and solar radiation
are linked in a broader context, the impact of both factors are distinctly different in the
context of the indoor environment of buildings and overheating. Reference to ambient
air temperature, for the purposes of this research, refers to temperature measured in
the shade, or via a temperature measurement device which is shielded from solar
radiation.
Sustainable Energy Authority of Ireland (2019) identify the operational
temperature for dwellings as 21°C for living areas and 18°C for all other areas during the
heating season, while Feist et al. (2013) defines the indoor operational temperature as
a fixed 20°C during the heating season. These temperatures are used to define the space
heat demand and losses from the building. This results in lower heat loss, as the outdoor
temperature increases. As a result, better insulated envelopes, with a lower u-value, will
retain heat for longer periods during warmer months as ΔT reduces, thereby intensifying
overheating (Gustin et al., 2018).
Studies carried out in recent years to draw correlations between climate
conditions and overheating, have identified direct correlations between increased
overheating and what may be historically perceived as trivial variations in climate.
Morehead (2010) identified the impact of variations in temperature, across 14 locations
in Ireland, as being highly significant in simulating the performance of passive house
dwellings.

Taylor et al. (2014), identified more specific correlations between
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overheating and climate variations, within 5 locations across the UK. Taylor et al.
concluded that there was a high correlation between outdoor temperature, and indoor
temperature, during warmer months. Taylor et al. also concluded, that natural cooling
was recorded within the building during periods of extensive cloud cover, which
demonstrates the combined impact of solar radiation and ambient air temperature.
Taylor et al. confined their studies to cities in the UK, which also experience the impacts
of the urban heat island effect. A study by Gupta and Gregg (2018) simulated the
regulated energy performance of two dwellings in the UK, while identify future energy
performance and overheating frequency for future periods, using DSY climate data. This
study identified that the impact of climate change will see a reduction in regulated
energy consumption and an increase in renewable energy production in future climate
scenarios. The data also indicates that overheating will be a problem in these dwelling
by 2080, based on current design and construction parameters (Gupta et al., 2018).
Gupta and Greggs data demonstrates the importance of simulating the future
performance of all nZEB dwellings, to ensure the impact of current design parameters
are considered based on their future impacts.
With over 75% of the population of Europe currently residing in cities (Voytenko
et al., 2016), the impact of the urban heat island effect on summer time temperatures,
and overheating, must be considered. The impact of the urban heat island effect is
discussed in more detail later, in combination with the impacts of climate change. Hajat
et al. (2002) conducted a 21 year study in London and concluded that heat related
deaths begin to increase at a relatively low external temperature of 19°C. The duration
of exposure to increased outdoor air temperature is shown to be a significant factor in
increased mortality rates due to overheating (Hajat et al., 2002). A study carried out by
Beizaee et al. (2013), to record summer time indoor temperature in 207 homes across
the UK in 2013, indicated correlations between increased overheating in more modern
and better insulated homes, even during relatively cool summer periods. This is due to
a combination of a reduced ΔT value, in combination with a reduced U-value for external
elements of contemporary dwellings, resulting in increased heat accumulation, during
periods of increased outdoor temperature.
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3.2.2 Solar radiation & solar gain
Solar radiation is a key source of energy for the preservation of life on earth.
Solar radiation, as it relates to buildings, can be broken down into; global radiation,
diffuse radiation, and radiation by azimuth. The light energy emitted by the sun at any
given second is known as solar radiation, and the quantity per second per metres square
is solar irradiance. The measured quantity of light energy absorbed by a body, per square
metre on earth, is known as solar irradiance (NASA, 2008), and also referred to as solar
radiation in building energy assessment. The differentiation between radiation and
irradiance is an important differentiation, as not all solar radiation reaches ground level
on earth. Radiation refers to various spectrums of light, while a measure of irradiance is
only relevant to the specific light energy which is measured at a given point as it is
absorbed (NASA, 2008).
Solar gain is a key element in determining the space heat demand of a building,
along with the overheating frequency of a building. The design of glazing systems must
consider the impact of solar gain on an occupied space during all seasons. Hollick et al.
(2020), identified that energy provided to buildings from solar gain in building energy
modelling is crucial during all months of the year. Hollick et al. demonstrated that
identifying solar gain from varying façade orientations, is crucial in determining building
performance across the year, while the inclusion of separate data for direct and diffuse
radiation in climate data sets is also of significance (Hollick et al., 2020). The assessment
of indoor temperature is based on a whole building model in PHPP. Solar radiation in
PHPP, is accounted for based on orientation, where 0° represents a façade which is
facing due north in the northern hemisphere, 90° represents due East, 180° represents
due south, and so on (Feist et al., 2013). Inputs are included to the nearest 1° from
North. The treatment of solar radiation, and how it impacts each dwelling façade, is
therefore quite accurately represented in PHPP calculations.
The level of accuracy in determining the orientation of each façade, and the
quantity of solar energy entering a dwelling, is not echoed in the treatment of solar
energy once it enters a space. The PHPP simulation considers the building to be a single
volume for the purposes of calculating overheating frequency. This does not factor the
distribution of solar energy entering individual spaces, which may be thermally
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separated from one another. In theory, 100% of the total solar energy entering a
dwelling could be via a single space within a dwelling, and this energy is averaged for
the building volume in a PHPP calculation. This approach could result in smaller spaces
with large quantities of south facing glazing, being averaged with larger spaces which
have smaller quantities of glazing. PHPP also averages north facing spaces with south
facing spaces. In this regard, the overheating frequency considers only the average
temperature reached for the dwelling, and may underestimate overheating in south
facing spaces, which have expansive glazing. Part of this research investigates the impact
of this averaging process on overheating in PH and nZEB dwellings.
Research by Potrč Obrecht et al. (2019) identified the variation in performance
of a test dwelling based on glazing area ratios and the quantity of solar energy entering
a dwelling, while their study was confined to various European regions. The study
identified that in climates with warmer summers, an increased window area on the
south façade, reduced space heat demand in winter, but resulted in increased cooling
demand in summer (Potrč Obrecht et al., 2019). In cooler summer climates, a much
smaller increase in cooling demand was observed, while winter heating demand
reduced to a greater extent (Potrč Obrecht et al., 2019). This demonstrates the
significance of solar gain, in determining the indoor temperature of a building, through
a cohesive design strategy, to balance window areas and optimise useful solar gain,
while minimising occurrences of overheating resulting from excessive solar gain. The
study by Potrč Obrecht et al. was conducted in various locations which are in a similar
climate zone, while all locations yielded different outcomes, resulting in varying
recommendations for the design of glazing in each location. While this is accounted for
in PHPP assessments through regional climate data sets, the specific location of the
glazing within the building, in conjunction with the volume of the specific space to which
it is attached, is not considered. The accumulated solar gain from all windows, regardless
of location, is considered as being a contributing factor in the overall overheating
frequency for the total building volume.
3.3

PHPP climate data for simulating overheating frequency
PHPP relies on climate data to calculate the overheating frequency of a dwelling.

The software incorporates climate data sets, based on long-term monthly average
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climate data, for calculation of space heat demand, heat load, and overheating
frequency (Hopfe and McLeod, 2015). A typical climate data set incorporates a monthly
average temperature, solar radiation by azimuth, and various other parameters, for
each of the 12 months of the year. Table 3.3 is of a typical climate data sets in PHPP,
including all data for a sample location at Cork Airport, Ireland.

Table 3.3 Typical climate data set used in PHPP calculation for Cork Airport Ireland. source:
(Feist et al., 2013)

CIBSE guide A and TM59 recommend the use of test reference year (TRY) data
and design summer year (DSY) data for simulation of overheating (Parand, 2015). The
TRY data represents a typical year, which closely aligns to that of the data set used in
PHPP. The key issue with using a TRY type dataset to detect overheating, is that it
represents typical monthly average weather conditions, for a typical year. Where an
extreme year, and extreme month, or an extreme day is experienced, this cannot be
predicted through the use of these climate data sets, and it is recommended that a
dynamic simulation is carried out (Hopfe and McLeod, 2015).
Typical climate data sets are beneficial in determining typical monthly values for
overheating and heat demand, however when thermal inertia, thermal mass, and
thermal diffusivity are considered, these typical climate data sets do not properly reflect
real life conditions, in particular the contribution of solar radiation, which can fluctuate
rapidly across short time intervals (Verbeke and Audenaert, 2018). CIBSE TM52
recommends the use of design summer year (DSY) data alongside TRY data (Nicol and
Spires, 2013). This allows for years with an extreme summer to be included for the
purposes of determining overheating. Although this is not mandatory in a PHPP
assessment, it is possible through the implementation of an ‘extreme year’ dataset,
which can be generated alongside a standard data set in Meteonorm software (Remund
et al., 2016).
Studies carried out in the US by Shen (2017), aimed to identify the impact of
using future hourly weather data to accurately determine the energy use for buildings
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across various climate zones in the US. Shen (2017) identified that increases in annual
energy associated with heating and cooling, in the range of 16.4%-48.9%, were observed
across the various US locations for which energy simulations were conducted (Shen,
2017). Shen also warns that the impact of climate change extends the cooling season,
while reducing the heating season. This indicates a necessity to include climate data sets
which are not based on monthly averages, and which include future climate change
scenarios. Bearing in mind that the shoulder seasons of spring and autumn provide for
a much lower solar altitude, to that of mid-summer intervals, overheating may become
more pronounced during these periods. Lower altitude solar rays may bypass overhangs,
which are designed to provide shading from high altitude sun, with lower altitude sun
also penetrating deeper into a space.
3.4

Comparison between Irish climate and climates from previous studies
A number of studies conducted across Europe in recent years highlight a growing

issue with overheating in nZEB and Passivhaus dwellings. Studies on overheating in
Passivhaus and nZEB dwellings are limited within Ireland, however comparisons with
other studies shed light on how Passivhaus and nZEB dwellings are likely to react in
extreme summer conditions, with overheating being a key concern. A study by Larsen
and Jensen (2011), was carried out on numerous developments in Denmark, indicating
excessive levels of overheating which are not predicted by PHPP (Larsen and Jensen,
2011). Denmark is located in a Northern European climate and categorised as a Cfb
climate under the Koppen Geiger climate classification model, which is the same
classification as Ireland, and the UK, as demonstrated in figure 3.3. The comparison
between average solar radiation for Ireland and Denmark indicate broad similarities on
an annual basis, as demonstrated in Figure 3.4 and 3.5. For this reason, the climates are
compared to identify clear similarities, as Denmark summer extremes may closely mimic
Irish summer extremes in a future climate. Extreme periods in Denmark vary from
Ireland, with more extreme summers and winters. This would require a higher standard
for the insulated envelope to be applied in Denmark, further exacerbating the
overheating risk, however it may point toward an increased risk of overheating in Ireland
in the future. This also demonstrates the broad variation in standard required for
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dwellings within the same zones of climate classification, further highlighting the
requirement for accurate climate data.
While short-term variations may lead to more extreme summer periods in
Denmark, these extreme periods, which were measured during Larsen and Jensen’s
2011 study, may become future scenarios in Ireland, due to climate change (Dunne et
al., 2008). These extreme periods are also averaged out in climate data sets, when
represented as monthly averages, which may explain the performance gap between
PHPP simulations and measured overheating in Denmark. This gap will become more
evident in Ireland during the summer months, as Ireland’s summer climate moves
toward the extremes experienced in Denmark.

Figure 3.3 Google Earth image of Europe with Koppen-Geiger climate classifications overlay for
November 2019 (source: koeppen-geiger.vu-wien.ac.at) (Rubel and Kottek, 2010)

Many of the variations between overheating frequency in Denmark and Ireland
may be attributed to higher summertime temperatures in Denmark. Global radiation
patterns are comparable between Ireland and Denmark, as demonstrated in Fig. 3.4 and
3.5, which can be a key factor in overheating. A resulting increase in solar radiation over
the period of 2020 to 2060 will have a two-tier effect. The primary effect of increased
solar radiation will be an increase in indoor temperatures. The secondary result is an
increase in outdoor temperature, which reduces cooling capacity via natural ventilation.
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As the CO2 levels in Earth’s atmosphere rise, solar radiation entering the atmosphere is
reflected off the Earth’s surface. Part of this reflected radiation will be lost into space,
while the percentage reflected back down to Earth will incrementally increase as CO2
levels increase (Gleeson et al., 2013).

Figure 3.4 global solar radiation for Denmark. Source: (European Commission, 2019)
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Figure 3.5 global solar radiation for Ireland. Source:(European Commission, 2019)

The similarity in global solar radiation between Ireland and Denmark, while
considering the anticipated increase in temperature in Ireland, as a result of climate
change, will bring future occurences of overheating in Ireland, closely in line with the
studies carried out in Denmark.
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3.5

Conclusion
The contribution of low energy building envelopes to reducing heat losses, are

shown to significantly impact overheating within dwellings during warmer months.
Coupled with advanced solutions for opaque building elements, technological advances
in glazing systems have reduced heat loss through windows significantly in recent years,
while gains are reduced by a much smaller margin. This promotes increased heat gain,
while reducing losses, which must be controlled during warmer periods to reduce
overheating.
Post occupancy studies, carried out on passive house dwellings throughout
Europe, have demonstrated that overheating is evident in low energy dwellings, and is
not predicted in simulated models, particularly in PHPP simulations used for Passive
House dwellings. Many of these studies are restricted to the summer months, while very
few identify the extent of overheating beyond the summer months. Internal heat gains
are also underestimated in passive house assessments, when compared to studies
carried out to measure internal heat gains in dwellings across Europe.
As a result of legislation which is implemented to reduce consumption of fossil
fuel, dwellings in temperate and cool climates have been optimised to reduce
consumption primarily during cold weather periods. These more stringent dwelling
standards have the opposite effect in warmer months, by creating an environment
which is sealed and well insulated, thereby increasing the potential for overheating.
While outdoor temperatures rise during spring and summer months, there is a much
lower requirement to provide heat energy to a space, yet conversely there is a higher
incidence of solar radiation during the same periods. This increases the quantity of heat
energy entering a space. The quantitative investigation for this research aims to identify
the extent of overheating across an entire year, while isolating the periods where
overheating occurs to identify correlations between overheating and meteorological
factors. This will also identify how the building envelope responds to the various
meteorological factors outlined previously.
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Chapter Four
The impact of climate change on overheating in dwellings
4.0

Introduction
The integration of climate data sets into building simulation packages is

fundamental in determining the energy performance and overheating frequency of low
energy buildings. Design standards for dwellings in cool and temperate climate zones,
tend to put lesser significance on designing to reduce overheating frequency, to that of
reducing energy demand for heating of buildings. PHPP heat demand and overheating
simulations, incorporate climate data sets to determine space heat demand and
overheating frequency. Climate change modelling is not considered in these climate
data sets, resulting in climate data sets which provide for a reflection of past
performance during average summer conditions, as opposed to predicted future
performance during a typical summer and during an extreme summer. This chapter
identifies the current climate classification of the Irish and UK climate, while identifying
the anticipated impacts of climate change on temperate climates and overheating. The
parameters required to generate high resolution future climate data sets are explored
in this chapter, along with the anticipated changes to these parameters as a result of
climate change.
4.1

Köppen-Geiger global climatic zones
Köppen-Geiger climate classifications are a means of defining specific global

regions, based on their typical annual climate. These climate classifications were first
developed by Russian-German scientist Wladimir Köppen in 1900. The classifications
were later improved in 1954 and 1961 by Rudolph Geiger to develop the current
Köppen-Geiger (K-G) climate classifications (De Carli et al., 2018).
Current world maps based on K-G classifications were developed by Rubel and
Kottek (2010). K-G climate classifications extend to all continents of the globe. The
classifications are defined by three individual codes, represented by letters of the
English alphabet, combined to create a three-letter classification. The first letter in the
classification identifies the main climate type, the second letter identifies precipitation
cycles, and the third letter identifies the general temperature range within the classified
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region (Tapiador et al., 2019). Table 4.1 provides the range of all 3 parameters which are
combined to create the various climate classifications. Climate classifications vary
broadly based on a combination of a three codes and can be seen is figure 4.1.
A total of 31 global climate classifications are defined by the various
combinations available under K-G climate classifications. Europe can be identified under
10 of these classifications, with the majority of central Europe, the UK, and Ireland
currently defined as a Cfb climate, which is influenced heavily by polar fronts (Rubel and
Kottek, 2010). Cfb climates are warm temperature (C), fully humid (f), with warm
summer (b) (Pražnikar, 2017).
Main climate
Code Description
A
equatorial
B
arid
C
warm temperate
D
snow
E
polar

Precipitation
Code Description
W
desert
S
steppe
f
fully humid
s
summer dry
w
winter dry
m
monsoonal

Temperature
Code Description
h
hot arid
k
cold arid
a
hot summer
b
warm summer
c
cold summer
d
extremely continental
F
polar frost
T
polar tundra

Table 4.1 Codes and descriptions for defining K-G climate classifications – source (Rubel and Kottek,
2010)
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Figure 4.1 World Map of K-G Climate Classification for 2001 to 2025 - source:(Rubel and Kottek, 2010)

78

Figure 4.2 European Map of K-G classifications extracted from Google maps with K-G overlays for 19862010 classifications – source map: (Google Earth) source classifications: (Rubel and Kottek, 2010)

Figure 4.2 identifies the variation in climate classifications in central Europe
based on current climate patterns. These patterns are not static and are in a state of flux
as the impact of climate change is considered. This requires a redefining of climate
classifications globally, on a regular basis.
4.2

International Panel on Climate Change Predictions
One of the greatest challenges facing humankind in the 21st century is climate

change. Anthropogenic greenhouse gas (GHG) emissions, are responsible for at least
50% of global surface temperature increases experienced in recent decades, with global
temperature increases between 1983 and 2012 contributing to what is now considered
to be the warmest 30 year period experienced on Earth for over 1400 years
(International Panel on Climate Change, 2015). Based on International Panel on Climate
Change (2015) findings, it is envisaged that depending on how human activity changes
in response to the climate change crisis, the global mean surface temperature of the
earth will increase by between 0.3°C and 0.7°C over the period of 2016 to 2035. Figure
4.3 indicates observed global average surface temperatures between 1850 and 2010; a
trend which is predicted to continue up to 2100. Although the magnitude of these
increases will vary depending on emission quantities, it is a virtual certainty that more
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frequent, and more extreme heatwaves will occur in the near future, over most of Earths
land areas(International Panel on Climate Change, 2015).

Figure 4.3 Annually, and globally averaged, combined land and ocean surface temperature anomalies,
relative to the average, over the period 1986 to 2005.Colours indicate different data sets. Source:
(International Panel on Climate Change, 2015)

Figure 4.4 indicates a similar trend to that of global temperature increase shown
above, in anthropogenic GHG emissions, monitored over the same period. Although a
reduction in CO2 emissions over the next century may slow global warming, the effect
of anthropogenic GHG emissions is irreversible, unless large quantities of GHG’s can be
removed from the atmosphere over a sustained period (International Panel on Climate
Change, 2015).

Figure 4.4 Atmospheric concentrations of the greenhouse gases carbon dioxide (CO2, green),
methane (CH4, orange) and nitrous oxide (N2O, red) determined from ice core data (dots) and
from direct atmospheric measurements (lines). Source: (International Panel on Climate Change,
2015)

The IPCC conclusions, relating to GHG emissions, flag a major shortfall in
legislation passed at state level across the globe. The EPBD, for instance, aims to reduce
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emissions from buildings through increased energy standards, yet no structures are in
place to potentially reverse the impacts attributed to buildings over past centuries.
Within developed nations, the built environment contributes to between 25-40% of
GHG emissions on an annual basis (de Wilde and Coley, 2012). The focus of the majority
of low energy building standards is on reducing the impact of buildings going forward.
Although a reduction in building linked CO2 emissions, has been identified as an
important step in reducing GHG emissions (Howley et al., 2015), the IPCC clearly
highlight that removal of existing GHG’s from Earth’s atmosphere is pivotal, otherwise
anthropogenic climate change is irreversible. In the context of overheating, findings by
McLeod et al. (2013) indicate that the existing trend of increased overheating in low
energy buildings is set to continue, resulting in more extreme and more regular
overheating (McLeod et al., 2013).
Climate change is very dependent on various factors and is defined under
scenarios, all of which are based on varying GHG emissions. These GHG emissions in turn
are dependent on human responses to climate change, along with global economic,
social and political conditions, over the remainder of this century. These scenarios were
updated in 2014, on the release of The Synthesis Report (SYR) of the IPCC Fifth
Assessment Report (AR5). Table 4.2 lists the scenarios included in IPCC report AR4,
released in 2007, and AR5, released in 2015. Pre-2014 scenarios are known as Special
Report on Emissions Scenarios (SRES), which have now been replaced with
Representative Concentration Pathways (RCPs), following the introduction of RCPs in
IPCC report AR5 (International Panel on Climate Change, 2015; Nakicenovic et al., 2000).
The SRES and RCP scenarios each follow 4 different pathways of GHG emissions. RCP 8.5
aligns broadly with SRES A2 and A1Fl, while RCP 6.0 aligns closely with SRES B2.
(International Panel on Climate Change, 2015; Nakicenovic et al., 2000). The comparison
of these scenarios is fundamental to this research, as RCP based climate data is not
available for PHPP, however SRES based climate data sets are available for PHPP, via the
Meteonorm software. The comparison of RCP and SRES scenarios, is outlined in table
4.2.
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SRES scenario
A1 (includes
A1B, A1T and
A1Fl)

A2

B1

(B1 continued)

B2

No SRES
scenario aligns
with RCP2.6

Key attributes of this scenario
very rapid economic growth, global
population peak mid-century & declining
thereafter, the rapid introduction of new
and more efficient technologies.
technological advances sub categorised as:
fossil intensive (A1FI),
non-fossil energy sources (A1T)
balance across all sources (A1B)
self-reliant world, preservation of local
identities, fertility patterns across regions
converge very slowly, resulting in
continuously increasing global population,
economic development is primarily
regionally oriented, and per capita
economic growth, technological change
more fragmented and slower than other
scenarios
global population peaks mid-century and
declines thereafter, rapid changes in
economic structures toward a service and
information economy, reductions in
material intensity, and the introduction of
clean and resource-efficient technologies,
global solutions to economic, social, and
environmental sustainability, improved
equity, but without additional climate
initiatives.
emphasis is on local solutions to economic,
social, and environmental sustainability,
continuously increasing global population at
a rate lower than A2, intermediate levels of
economic development, and less rapid and
more diverse technological change than В1
and A1. Oriented toward environmental
protection and social equity while focusing
on local and regional levels.
aims to keep global warming below 2°C
above pre-industrial temperatures
characterized by a scenario of meeting net
negative emissions

RCP scenario
RCP 8.5 (aligns
broadly with A1Fl
and A2)
Very high GHG
emissions

RCP 8.5 (aligns
broadly with A1Fl
and A2)
Very high GHG
emissions

RCP 4.0 (aligns
broadly with B1)
Intermediate
GHG scenario

RCP6.0 (aligns
broadly with B2)
Intermediate
GHG scenario

RCP2.6
Stringent GHG
mitigation
scenario

Table 4.2 climate change scenarios and descriptions for each of the 4 SRES and RCP scenarios. Source:
(International Panel on Climate Change, 2015)
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4.3

Climate change in Europe
Climate change across Europe has been a key concern for legislators in recent

decades. Legislation relating to buildings has been predominantly aimed at reducing CO2
emissions associated with the operation of buildings. This addresses the impact of
buildings on climate change, but of lesser urgency has been the impact of climate change
on buildings, particularly in the context of overheating. The climate of Europe varies
broadly, and the impact of climate change, is therefore likely to vary broadly. As a result,
the climate classifications across Europe will change over the remainder of this century,
and beyond. Rubel and Kottek (2010), developed a set of interactive maps which are
linked to climate change scenario A1Fl, which assumes a continued fossil fuel intensive
lifestyle across the globe, similar to present day consumption levels, but with
adjustments for continued economic growth. The study predicts how climate
classifications will change for the remainder of this century (Rubel and Kottek, 2010).
The current Cfb climate classifications for central Europe, UK and Ireland will transition
to include much warmer summers by 2100, triggering a change in climate classification
in France, Spain, central Europe, the south of the UK and Ireland, and will continue
beyond 2100. Figures 4.5 to 4.13 highlight the gradual change expected in K-G climate
classifications across Europe between 2020 and 2100, which will contribute to increased
levels of summertime overheating in buildings generally within the same period.
Many countries, such as Denmark, Sweden, Netherlands and UK, where
overheating studies have recently been conducted in passive house and nZEB dwellings,
are located in Cfb climates. The previous research presented in this thesis, identifies that
overheating is already an issue in the aforementioned European nations. This problem
will increase in magnitude as these countries transition to climates with warmer
summers, less cloud cover, and lower summertime precipitation. In the coming decades,
countries currently on the outer periphery of the current Cfb climate zone, such as
Ireland and UK, will experience overheating, similar to the recent measured overheating
in some of the more extreme Cfb summer climates.
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Figure 4.5 K-G climate classifications for central Europe based on SRES climate change scenario A1Fl,
for 2020 – source map: (Google Earth) source classifications: (Rubel and Kottek, 2010)

Figure 4.6 K-G climate classifications for central Europe based on SRES climate change scenario A1Fl,
for 2030 – source map: (Google Earth) source classifications: (Rubel and Kottek, 2010)
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Figure 4.7 K-G climate classifications for central Europe based on SRES climate change
scenario A1Fl, for 2040 – source map: (Google Earth) source classifications: (Rubel and Kottek,
2010)

Figure 4.8 K-G climate classifications for central Europe based on SRES climate change
scenario A1Fl, for 2050 – source map: (Google Earth) source classifications: (Rubel and Kottek,
2010)
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Figure 4.9 K-G climate classifications for central Europe based on SRES climate change
scenario A1Fl, for 2060 – source map: (Google Earth) source classifications: (Rubel and Kottek,
2010)

Figure 4.10 K-G climate classifications for central Europe based on SRES climate change
scenario A1Fl, for 2070 – source map: (Google Earth) source classifications: (Rubel and Kottek,
2010)
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Figure 4.11 K-G climate classifications for central Europe based on SRES climate change
scenario A1Fl, for 2080 – source map: (Google Earth) source classifications: (Rubel and Kottek,
2010)

Figure 4.12 K-G climate classifications for central Europe based on SRES climate change
scenario A1Fl, for 2090 – source map: (Google Earth) source classifications: (Rubel and Kottek,
2010)
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Figure 4.13 K-G climate classifications for central Europe based on SRES climate change
scenario A1Fl, for 2100 – source map: (Google Earth) source classifications: (Rubel and Kottek,
2010)

Simulations by Rubel and Kottek (2010) indicate clear shifts in climate, across
each decade, between 2020 and 2100 (see figures 4.5 to 4.13). The typical Cfb climate,
which is consistent with a ‘warm summer’ period, will become a Cfa climate for most of
Europe by 2100, under the A1Fl SRES scenario. While large proportions of Europe will
transition to Cfa climates, under this high GHG emission scenario, a transition to Csa and
Csb is predicted for Western parts of Europe including France and the UK. Csa and Csb,
when compared to Cfa and Cfb, are characterised by their lesser humidity. The ‘s’ code
signifies a ‘steppe’ climate as opposed to the ‘f’ code, which is fully humid. A ‘steppe’
climate is defined as being an intermediate between humid climate and desert climate.
This indicates significantly reduced precipitation, alongside significantly increased
temperatures, reduced cloud cover, and increased solar radiation in Western Europe,
over the period of 2020 to 2100. This is supported by the findings of Tham et. al., in
concluding that UK temperatures will increase over the same period, cloud cover will
reduce, and precipitation will reduce (Tham et al., 2011). This shift in climate is not
restricted to Europe and is not restricted to the distant future.
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Figure 4.14 Future projections of mean seasonal temperature for (a) RCP4.5 and (b) RCP8.5
scenarios. Numbers are minimum and maximum projected temperature changes when
comparing 1981-2000 temperatures to 2041-2060 projected temperatures (Nolan and
Flanagan, 2020).

The impact of climate change in Ireland, under RCP scenario 8.5 could result in
mean seasonal temperatures in Autumn increasing by up to 1.9°C by the 2041-2060
period, when compared with the 1981-2000 period (Nolan and Flanagan, 2020). The
impact of an RCP 4.5 and RCP8.5 scenario are indicated in figure 4.14. Nolan and
Flanagan also highlight that the number of heat waves predicted under an RCP8.5
scenario could increase but up to 15 occurrences on the south coast of Ireland, when
1981-2000 occurrences are compared to 2014-2060 occurrences. this is demonstrated
in Figure 4.15 below.
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Figure 4.15 (a)Future projected change in the number of heat wave events between 2041-2060.
Numbers on (a) are increases when compared to (b) observed number of heatwaves between
1981-2000. (Nolan and Flanagan, 2020).

Further studies by Bai and Wang (2019), in China, indicate that of 354 cities in
China, which are separated into thermal climate zones, 38 of these cities currently
require rezoning as a result of climate change (Bai and Wang, 2019). The original
thermal zones are determined from climate data gathered from 1961-2013. The study
identifies that a change in temperature zone classification is already required for these
cities, as a result of climate change, which occurred toward the end of the 1961-2013
period. Bai and Wang identified that the narrowing of the data window, to restrict
measurements to more recent dates between 1997 and 2013, resulted in these
reclassifications. These data sets are used to simulate building energy performance in
China. The study does not consider future climate change predictions, which would
clearly have a significant impact in simulating future energy and overheating simulations
for buildings. This study does however highlight the significance of climate change in
determining building energy and overheating performance, alongside the significant
shortfalls in utilising historic climate data, even in determining current building
performances. Future climate change predictions must be considered, particularly
when determining overheating in buildings.
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4.4

Global Temperature Changes
One of the most significant consequences of climate change, is a shift in global

temperature. Under RCP8.5 GHG emission scenario (high emissions scenario, closely
aligned with A1Fl), a shift in climate could result in global temperature increases of
between 2.6°C and 4.8°C within this century (Liu et al., 2016). Increases in average
summer time temperature within the UK are unlikely to stay below 1.4°C by 2080 (Gupta
and Gregg, 2012), with Ireland anticipated to be closely aligned with UK increases . With
regard to extreme temperatures experienced during an extreme summer in the last
decade, these temperatures are likely to become typical summer time temperatures by
2040, and cooler than average summers by 2060 (McLeod et al., 2013).
One of the factors contributing to increasing overheating frequency in buildings,
is the introduction of low energy building standards, which have increased the capacity
of buildings to retain heat. These increased standards, are a necessary part of global
measures introduced to reduce CO2 emissions, associated with the heating demand of
buildings. Increased quantities of CO2 in Earth’s atmosphere are also a large part of the
reason the same buildings are now overheating. Solar infrared radiation enters the
atmosphere as short wave infrared radiation (Ormes, 2018). As this short-wave infrared
radiation is absorbed and re-emitted by the earth, this energy is released predominantly
as long wave infrared radiation, as demonstrated in Figure 4.16. Higher quantities of CO2
suspended in the Earth’s atmosphere, will reflect higher quantities of long wave infrared
radiation back to earth. Increased CO2 therefore traps more heat energy within the
atmosphere. This CO2 will have a lower impact on short wave infrared radiation entering
the atmosphere, as the shorter wave lengths can penetrate the suspended CO2, to a
greater extent (Ormes, 2018). This impacts the Earth’s global temperature over long
periods, leading to increased air temperatures, ocean temperatures, and land
temperatures. Increased air temperatures, reduce a buildings capacity to be cooled by
natural ventilation strategies in summer.
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Figure 4.16 Impact of greenhouse gases on short wave solar infrared radiation entering Earths
atmosphere, and re-emission of long wave infrared radiation from Earth. Source: (Nullet, 2020)

Within urban areas, these temperature increases will be of greater magnitude,
as a result of the urban heat island (UHI) effect. The UHI effect is caused by a higher
presence of thermally massive elements, lower presence of reflective surfaces, low
surface moisture presence, and high levels of waste heat emitted from buildings within
urban areas (Sailor, 2014). The impacts of UHI effect, are becoming more apparent on a
global scale, and this is leading to an increased tendency for occupants to cool buildings
through the use of mechanical air conditioning systems (Sanchez and Reames, 2019).
This in turn increases energy consumption, and associated CO2 emissions associated
with the operation of buildings.
As global temperatures increase, cooling demand of buildings will also increase.
This will be particularly prevalent in urban areas. Studies carried out in London in 2011,
estimate that the impact of UHI effect, on the London area, results in overnight
temperatures in London being 2-3°C higher than equivalent rural areas, with early
morning temperatures being 4-5°C higher as a result of higher thermal mass in cities,
which does not fully cool over short summer nights (Bohnenstengel et al., 2011). The
UHI effect is likely to have a much greater impact on low income communities, as a result
of the cost of cooling, and as these communities tend to be more urbanised (Sanchez
and Reames, 2019).
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Significant research exists to demonstrate the impact of fuel poverty on elderly
individuals during winter months. Healy & Clinch (2004), highlighted that 28.1% of
retired females, and 19.2% of retired males suffered from fuel poverty in Ireland in 2004.
Meanwhile, the European heat wave of 2003, was responsible for more than 70,000
deaths across Europe (Macintyre and Heaviside, 2019). The impacts of climate change
are likely to result in an increased impact on overheating, yet little research is conducted
in Ireland and the UK into summertime fuel poverty. Fuel required to cool a building,
predominantly in the form of electricity, will result in a similar percentage of the
population who are currently impacted by wintertime fuel poverty, being impacted by
overheating in summer. This issue is exacerbated by the fact that dwellings in Ireland
and UK are typically not constructed with mechanical cooling systems to combat high
indoor temperatures, while they are installed with heating systems to combat
wintertime temperatures. This creates an even greater gap for vulnerable occupants to
make up, in terms of the capital cost of installing cooling systems, as overheating
becomes more prominent.
The vast majority of studies carried out in warmer Cfb climates have
demonstrated that overheating cannot be prevented without the use of mechanical
cooling. This is due to the outdoor temperatures being too high to promote the use of
natural purge ventilation for cooling. Schnieders (2005), demonstrated that overheating
in passive house units in Marseille could not be maintained for less than 10% of a typical
year (Schnieders, 2005), without the use of mechanical cooling. Climate change
predictions indicate that within this century, Irish and UK summers could reach similar
temperatures to current summer temperatures experienced in southern France, with
those areas of France becoming much warmer. A lack of mechanical cooling could result
in the 70,000+ heat related mortalities experienced across Europe during the 2003
heatwave (Macintyre and Heaviside, 2019), becoming annual events, if the impacts of
climate change on overheating are not addressed. These numbers may increase
substantially during extreme summers across Europe, as overheating becomes a greater
issue in Ireland and the UK. These heat related mortalities can be reduced, by way of
simulating future overheating at design stage, and designing dwellings to combat future
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overheating, as opposed to past or present overheating which is attributed to the
current climate data sets used in PHPP.
4.5

Variations in global solar radiation
As fluctuations in infrared (IR) solar radiation are shown to contribute

significantly to the increase in indoor temperature of buildings, gradual increases in solar
radiation over time will impact the overheating frequency of all buildings. How these
changes occur is reliant on various factors, one of which includes solar cycles. The sun
operates on roughly 11 year cycles, where solar activity rises and falls across an
approximate interval of 11 years (Sierra Porta, 2018). As these cycles change, so does
the cosmic ray intensity (CRI), and the quantity of solar radiation entering Earth’s
atmosphere. CRI is a measure of the cosmic energy from space, and how a planet
absorbs it. Sun cycles have an impact on the earth’s temperature, cloud cover and
precipitation (Dorman, 2005), as well as reducing CRI, as the quantity and intensity of
solar flares increases approximately mid-interval for each solar cycle (Sierra Porta,
2018). All of these factors impact the quantity of energy which reaches ground level and
sea level, ultimately increasing or reducing the temperature of Earth’s surfaces. As both
CRI & solar activity fluctuate, the importance of how this fluctuation impacts the earth’s
climate is of significance, in terms of understanding global climates, and the source of
climate change.
Solar irradiance (solar energy on the Earth’s outermost atmosphere), is
calculated at an average of 1360.8 ± 0.5 W/m-2 (Ormes, 2018). Ormes (2018) concludes
that, fluctuations in solar activity as a result of sun cycles are shown to have an impact
on the Earth’s surface temperature over extended periods. However, Ormes notes that
the impact of this variation is minor, and a 1°C increase in global average temperature
on the Earth’s surface, which is evident during the period between 1750 and 2000,
cannot be attributed to increased solar irradiance and increased CRI (Ormes, 2018).
Ormes also concludes, that fluctuations in CRI do not correlate with changes in global
temperature. The most plausible explanation for such a change in temperature is
derived from examining the close correlation between increased GHG’s in the Earth’s
atmosphere, and increased global temperature over the same period (International
Panel on Climate Change, 2015).
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The most recent solar cycle to end was solar cycle 24, which ended December
2019. Although numerous locations on earth have experienced the highest
temperatures in recorded history during solar cycle 24, evidence suggests that solar
cycle 24 showed much lower levels of solar activity to previous cycles, which is typically
associated with lower variability in terms of climate extremes (Kakad and Kakad, 2019).
Kakad and Kakad, 2019 highlight that the most recent cycle demonstrated the lowest
level of solar activity in over a century, with the previous three solar cycles showing a
downward trajectory in solar activity. These findings demonstrates that the most recent
and preceding 3 solar cycles, are not responsible for increases in global temperature or
solar radiation, throughout the 20th century and early 21st century (Sierra Porta, 2018).
Considering this recent downward trend in solar activity, a change back to increased
activity during this century is likely. This, coupled with an increase in anthropogenic GHG
emissions, may result in the impacts of climate change being much more pronounced
during solar cycles with high solar activity.
During clear sky periods, the full extent of the suns radiation does not reach the
Earth’s surface, as this can be reduced by atmospheric turbidity. Atmospheric turbidity
is a measure of the quantity of aerosols suspended in the atmosphere. These aerosols
may be solid and liquid particles (López and Batlles, 2004). Atmospheric turbidity has a
measurable impact on the quantity of the solar radiation which reaches the Earth’s
surface. Atmospheric turbidity is incorporated in climate data sets in the form of a Linke
Turbidity Factor (Tl). This is an important factor used in determining the impact of solar
radiation on building performance (Morehead, 2010). An increase in GHG emissions has
a direct effect on atmospheric turbidity, while increased atmospheric turbidity has both
a direct and indirect effect on climate. The direct impact is such that increased aerosols
in the atmosphere will both scatter and absorb shortwave radiation entering the
atmosphere, while aerosols impact indirectly through their presence as cloud
condensation nuclei (CCN’s), modifying the radiative effects of cloud cover (Power and
Willmott, 2001). It is thought that increased atmospheric turbidity, on its own may be
resulting in a net cooling effect, even during periods when temperatures are increasing.
This may in turn mask the impact of climate change, and may have delayed the initial
detection of global warming (Power and Willmott, 2001). This may partly explain the
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accelerated effects of climate change, which are evident in recent decades, even as CO2
emissions are reduced on a global basis. When the impact of mass cooling as a result of
increased atmospheric turbidity is taken in tandem with the current and recent low solar
activity cycles, the negative effects of global climate change may increase over this
century, beyond current predictions.
4.6

Climate change in the UK and Ireland
Although changes in global solar radiation attributed to solar cycles, and

naturally occurring phenomenon, have minor impacts on climate change, the increased
quantities of GHG’s in the atmosphere will have a much greater impact in the coming
decades, creating more extreme summers and more extreme winters (Tham et al.,
2011). Tham et al. (2018) summarise UKCP projections and conclude that cloud cover in
the UK will decrease in summer months, and increase in winter months, between 2020
and 2090. This will result in increased solar irradiance in summer and decreased solar
irradiance in winter, although winter temperatures are likely to be warmer on average
as a result of increased cloud cover. Gupta & Gregg (2012), provide more specific data
for summer and winter periods. This data is provided for a 25km² grid in Oxford, UK, and
highlights a mean summer increase in solar radiation of 30W/m² by the 2080’s in a high
emissions scenario, while concluding that a negative consequence will be increased
overheating in homes and urban areas (Gupta and Gregg, 2012). Simultaneously, daily
maximum temperature, will show a mean summer increase of 10.6°C by the 2080’s, in
a high emissions scenario (Gupta and Gregg, 2012). Although these statistics are broadly
based on UK locations, the Irish climate closely resembles that of the UK, with similar
impacts anticipated as a result of climate change.
A combination of increased solar radiation, and increased temperature, will
result in increased levels of overheating generally, across Ireland and the UK (Auzeby et
al., 2017). Urban and suburban areas will be particularly impacted, as the UHI effect
reduces capacity for cooling during night-time, and early morning periods. Dunne et al.
(2008), provide figures more specific to Ireland, with average summertime
temperatures anticipated to increase by approximately 3.4°C by the end of this century.
The data only provides figures for average increases across the summer period, and the
anticipated daily maximum temperatures may be far greater than this. Ireland is an
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island nation, which benefits from the typical cooling effect of sea breezes originating
from cooler Atlantic Ocean currents in summer. Dunne et al. (2008), highlight that sea
temperatures will rise rapidly over the remainder of this century, by a rate of 0.6°C-0.7°C
per decade, resulting in reduced cooling from ocean breezes, particularly from night
time breezes which allow for a reduction in overnight temperatures (Dunne et al., 2008).
This will result in more prolonged periods of overheating across Ireland, as outdoor
temperatures will become less effective at reducing indoor temperatures overnight.
More recent figures by Nolan and Flanagan (2020) indicate that the mean annual
temperature in Ireland is projected to increase by 1°C -1.2°C under and RCP scenario 4.5
and 1.3°C - 1.6°C under RCP 8.5, when comparing the 1981-2000 period to 2041-2060.
Urban temperatures are anticipated to increase by a substantially higher margin to this
as a result of the Urban heat island effect, while Ireland’s urban population is predicted
to increase by mid-century. This is supported by Paranunzio et al. (2021), who
demonstrate the impact of climate change scenarios RCP4.5 (medium emissions
scenario) and RCP 8.5 (high emissions scenario) on temperatures in Dublin City, Ireland.
This research demonstrates that there will be a considerable increase in heat hazard
associated with increased urban temperatures between 2020-2050. This is mapped
against the socio-economic data to demonstrate the impacts in terms of vulnerability of
local populations, and indicates that changes in climate, city population, and increased
urban density will result in exacerbated levels of vulnerability as a result of increased
urban temperatures (Paranunzio et al., 2021). Nolan and Flanagan note that the change
in daily maximum and daily minimum temperatures could see an additional peak
increase of between 1.4°C and 2.2°C above that of the projected mean summer increase.
This research also indicates that a substantial increase in daily minimum temperatures
will also result, implying increased night-time temperatures, and lower capacity to
reduce building temperatures through night-time purge ventilation. In combination
with findings by Paranunzio et al. this will result in excessive overheating in buildings
within urban areas within the period of 2020-2050, and beyond.
4.7

The impact of climate change on future overheating
Studies carried out on nZEB and PH buildings across the globe, identify an

increase in overheating and associated cooling demand, in line with climate change
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trends. Future-cast simulations by Robert & Kummert (2012), to simulate the energy
consumption of nZEB housing units in Massena, New York, and Montreal, Quebec,
highlight an increasing trend in cooling demand, between 2011 and 2060. Furthermore,
the dwellings, which were designed to meet nZEB standard, using historic climate data
sets, failed to meet nZEB standards at various points in the future, due to the impacts of
climate change (Robert and Kummert, 2012). This is in large part as a result of an
increased cooling demand and associate energy consumption for cooling, to combat
increased overheating. In warmer nations, such as Iran, cooling demand is anticipated
to extend to the winter months, as a result of climate change (Roshan et al., 2012). A
study in the UK by Ozarisoy and Elsharkawy (2019) measured the indoor temperatures
of a prototype house, built in the Building Research Establishment (BRE) Innovation Park
in Garston, Hertfordshire, England. The study was conducted during a heat wave, which
is anticipated to represent normal summertime conditions by 2040. Indoor
temperatures of up to 34.5°C were measured in the prototype dwelling during July
(Ozarisoy and Elsharkawy, 2019). This study indicates that in a UK climate, or any climate
similar to a UK climate, excessive levels of overheating will be experienced in the coming
decades, increasing steadily between 2020 and 2060.
Studies by (Hamdy et al., 2017), which are conducted to demonstrate the impact
of climate change on general Dutch housing stock, indicate that in a ‘Worst Future
Scenario’ the maximum indoor temperature reached during summer months may be up
to 47°C. In the same scenario, the median indoor summer temperature may be 38°C.
Hamdy et al., indicate that in dwellings in free running mode, the simulated indoor
temperature between 1st May and 30 September is typically higher than the outdoor
temperature. The simulation indicates that the difference between indoor temperature
and outdoor temperature can be significantly decreased through adequate levels of
natural ventilation. This may not be as practical as the simulations suggest, where
unoccupied dwellings during daytime hours must consider security issues outlined
under CIBSE recommendations with naturally ventilating unoccupied dwellings. Studies
by Lomas et al. (2021) draw comparisons between the summer heat wave of 2018 in
England, and determine that this may align closely with a mild 2050 summer climate.
The study measured indoor temperatures for 616 living rooms and 591 bedrooms. The
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findings indicate broad variations in overheating as a result of dwelling size, type,
occupancy and design. One finding indicates that dwellings of a higher energy standard
experienced higher levels of overheating to dwellings of lower standards. Living rooms
in dwelling energy categories A to C experienced on average 21% overheating over the
summer period, compared with 13% in categories D to G, which would indicate that as
energy standards improve, overheating will impact a greater quantity of dwellings in
future scenarios. The studies by Hamedi et al. and Lomas et al. are supported by another
UK study conducted by (Liu and Coley, 2015), which identifies that using a future hot
summer year (HSY) data set, results in a sample dwelling achieving 5.82% overheating
in Belfast, and up to 22.29% in Birmingham by 2080. This compares to a current design
summer year (DSY) data set which achieves an overheating percentage of 0.00% in
Belfast and 0.05% in Southampton using the same model. Liu and Coley use the dynamic
simulation model Energy Plus, which also identifies increased overheating in the future
within bedroom zones when compared to living room zones.
Climate change projections by Dunne et al. (2008), indicate that there will be no
significant increase in cooling degree days in Ireland by the end of the century. A caution
should be issued with such data, as these predictions are based on meteorological
parameters only, and an increase in overheating in dwellings will not correlate directly
with an increase in cooling degree days. The impact of increased building envelope
standards must be considered to determine how each building will react to climate
change. Studies in Ireland, which are identified in previous chapters, indicate that
significant levels of overheating are already experienced in low energy dwellings during
summer months and shoulder seasons, beyond that of PHPP simulated models.
4.8

Integration of climate change into climate data sets in PHPP
Climate data for a specific region is required within PHPP simulations, in order to

accurately simulate a buildings heat losses and gains, across 12 months of a year. This
considers the impact of the macroclimate, within which a building is to be constructed.
These climate data sets allow for monthly simulations to be carried out, with an
accumulated annual figure generated for a buildings heating demand and cooling
demand (Feist et al., 2013). They do not account for future climate change predictions
within a typical simulation.
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The IPCC highlight that climate trends, based on an accumulation of short-term
records, are very sensitive. This is due to the start and end dates within the period,
where the occurrence of particular weather extremes at start and end dates, may skew
figures (International Panel on Climate Change, 2015). The use of a shorter period, such
as 10-20 years, when generating climate data sets, may also be hampered by extreme
periods of cooling or warming toward the beginning and end of the period. It is therefore
of vital importance that a range of figures are generated to represent extreme periods
in each decade, when identifying overheating frequency.
The CIBSE TM59 standard, developed for prediction of overheating in dwellings,
identifies an extreme scenario as a Design Summer Year (DSY) (Bonfigli et al., 2017).
Within TM59, there is a requirement to simulate overheating under DSY1, which is
defined as a high emissions climate change scenario file, generated for the 2020’s. A
recommendation is also included to use more extreme DSY2 and DSY3 files, along with
future weather data for the 2050’s and 2080’s (Bonfigli et al., 2017). This would allow
designers to make design decisions, to combat a range of overheating scenarios. The
PHPP simulation incorporates climate data based on monthly average data, which is
then averaged with other monthly averages over a 20 year period (Hopfe and McLeod,
2015). This is closer to what CIBSE TM59 refers to as a test reference year (TRY), although
of lower resolution, which is not recommended by CIBSE for the simulation of
overheating. While generating a modified climate data set design is possible for PHPP,
through the use of an excel file known as ‘Summer temperature modification of PHPP
climate data’, available from the Passive House Institute (Passive House Institute,
2019a), this only provides for a modification to the monthly average outdoor
temperature. No modifications within the dataset are made to consider a change in solar
radiation or atmospheric turbidity, which are important factors in determining
overheating frequency. Use of a DSY data set, ensures that the overheating simulation
is not aligned with average summer conditions, rather an infrequent hot summer
(Parand, 2015), which more closely resembles periods when overheating has a higher
probability of occurring. Averaging these extreme periods within a 20-30 year data set,
masks the true effect of these extreme periods, and may result in an underestimation
of overheating frequency. This may result in design omissions, particularly in terms of
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the design of cooling strategies and cooling systems. Although PHPP does not
recommend the use of a DSY dataset, CIBSE standard TM59 currently recommends that
the calculation of overheating frequency includes a series of DSY data sets, across
various future periods. In Ireland, CIBSE TM59 is referenced within Irish Building
regulations, as a method of predicting and addressing the impacts of overheating in all
new dwellings (Department of the Environment, 2019).
4.9

Conclusion
Low energy dwellings have been developed over recent decades to minimise

their impact on climate change, however the impact of climate change on dwellings has
been broadly ignored. Under Koppen Geiger climate classifications, Ireland is currently
considered to be a Cfb climate and could begin to transition to a Cfa or Csa climate
toward the end of this century. This will result in warmer summers, with reduced cloud
cover for the remainder of this century and beyond, resulting in increased overheating.
This may also result in increased energy consumption associated with cooling, which in
the long-term may increase GHG emissions if the energy used to cool buildings continues
to rely on fossil fuels.
Based on IPCC climate change predictions, natural purge ventilation will not be
enough to completely eliminate overheating for future summer conditions, in current
Cfb climates (Schnieders, 2005). It will however be preferable to reduce overheating
initially through passive measures, to reduce energy consumption associate with
mechanical cooling, before integrating mechanical cooling strategies. Studies within
Ireland, on the impact of overheating on cooling loads and energy associated with
mechanical cooling, are limited. Further research is required to determine the extent of
overheating in Ireland and to determine energy consumption associated with
mechanical cooling in future, however existing studies presented within this chapter, in
warmer climates across the globe, indicate energy consumption will increase generally
during summer months in order to reduce overheating resulting from climate change.
An important step in reducing future cooling demand will be the integration of accurate
simulations at design stage, which aim to optimise the building envelope by integrating
climate data based on IPCC GHG emissions scenarios. This approach is supported by
CIBSE TM59 recommendations and allows dwelling designers to incorporate strategies
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and systems which will address future overheating. Without this approach, the design
of dwellings is for past climate scenarios, as time moves forward. The global adoption of
the Passive House approach provides a platform where overheating simulations for all
dwellings could be achieved on a global basis, if the methods of simulating overheating
in PHPP are refined. Part of the quantitative investigation for this research aims to
identify how PHPP can be refined to incorporate more accurate overheating simulations,
which accommodate the impacts of climate change which are outlined in the previous
discussions.
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Chapter Five
Methodology
5.0

Introduction
This chapter identifies the principal methods applied in conducting this research

and provides a detailed breakdown of methods used to identify a test dwelling/site for
analysis, and conduct a quantitative analysis of overheating in an nZEB dwelling in
Ireland. The research is an empirical investigation, which builds on existing overheating
studies, assessment methods, assessment tools, and standards, to identify the
prominence, significance, and causes of overheating in nZEB dwellings. A method to
conduct a comparative analysis of measured and simulated overheating in a test
dwelling is outlined, while the analysis and evaluation of measured data is also outlined
to evaluate; short-term, medium-term, and long-term overheating patterns in the test
dwelling. The simulation of overheating is focused on Passive House Planning Package
(PHPP) overheating simulations, for which a rationale is provided within this chapter.
5.1

Research Questions, Statement and Hypothesis
The initial literature review identified key issues relating to overheating in low

energy dwellings in various global locations. While the majority of overheating studies
identified are limited to warmer climates than Ireland and the UK, evidence indicates
that overheating is becoming more prominent in Irish and UK climates. Limited studies
have been carried out to identify the extent of measured overheating, how it varies from
simulated overheating, and how overheating will increase as a result of predicted
climate change patterns. The research questions were developed to respond to the
initial findings of the literature review.
5.1.1 Research Statement
Overheating in dwellings constructed to Nearly Zero Energy Building (nZEB) and
Passivhaus (PH) standard is a current and growing issue, as these dwellings contain more
heat energy than traditional dwellings. It is evident that this is a growing issue in cooler
summertime climates such as Ireland and the UK. These occurrences of overheating are
not simulated in nZEB dwellings in Ireland, and are underestimated in PHPP simulations,
leading to the omission of design-based solutions to reduce overheating in dwellings
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constructed to these standards. These occurrences of overheating will increase as the
impacts of climate change take effect and must be considered during the simulation of
overheating. The contributions of this research provide a platform to evaluate the extent
of these issues through quantitative investigations, from which a methodological
framework to address these issues is subsequently derived.
5.1.2 Research Questions
1) To what extent does simulated frequency of overheating vary from measured
overheating, when identifying the frequency of overheating in an nZEB or PH
dwelling, and what are key contributing factors in any identified variations?
2) To what extent will climate change impact overheating in nZEB and PH dwellings in
the near future?
5.1.3 Hypothesis
The overheating frequencies predicted by PHPP software simulations are
significantly underestimated when compared to the measured on-site overheating
frequency, while the effect of increased heat retention in combination with climate
change will result in incremental year on year increases in overheating frequency, for
the foreseeable future of all nZEB and PH dwellings.
5.2

Source materials

5.2.1 Secondary research source materials
The source materials for the literature review process were identified as
regulatory documents, journal papers, and conference papers. For the purposes of the
literature review and qualitative analysis, the source materials are categorised under
the three thematic areas identified within the literature review chapters, and outlined
below:
Theme one is the Regulatory framework for low energy dwellings and
overheating. The source materials consist of legislative instruments and standards,
including ‘Directive 2010/31/EU of the European Parliament and of the Council of 19
May 2010 on the energy performance of buildings (recast)’ and ‘Building Regulations
2019, Technical Guidance Document Part L, Conservation of Fuel and Energy –
Dwellings’. Standards for overheating include ‘The limits of thermal comfort: avoiding
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overheating in European buildings - CIBSE TM52: 2013’. These regulatory documents are
supported by journal papers, which review the application of these standards, and issues
pertaining to overheating in low energy buildings, including ‘An investigation into future
performance and overheating risks in Passivhaus dwellings’, by McLeod et al. (2013),
which support the research by identifying relevant legislation and its application in
simulating and addressing overheating in dwellings .
Theme two is Stimuli for overheating in Passivhaus and nZEB dwellings. This
theme relies predominantly on journal papers which identify the impact of various
factors, which provide a stimulus for overheating in low energy dwellings. Examples
include, ‘Influence of window size on the energy balance of low energy houses’ by
Persson et al. (2006) and ‘Are Internal Heat Gains Underestimated in Thermal
Performance Evaluation of Buildings?’ by Elsland et al. (2014). These sources identify
how overheating occurs within buildings, while identifying the impact of both building
related parameters and meteorological parameters on overheating.
Theme three is the impact of climate change on nZEB and Passivhaus dwellings.
This theme relies on a mix of reports such as ‘IPCC, 2014: Climate Change 2014: Synthesis
Report’, and journal papers, such as ‘Impact of hot temperatures on death in London: A
time series approach’ by Hajat et al. (2002), which identify the impact of climate change
on dwellings. Sources identified within this thematic area are fundamental in
determining the impact of climate change on overheating in dwellings in Ireland, and
climates similar to Ireland.
These sources are identified based on their contribution to each of thematic
areas of the research. The identification of thematic areas early in the research, allows
for a systematic snowballing method to be applied, based on focused areas relating to
overheating. Extracted knowledge and data is used to support the primary research,
which consists of a quantitative investigation of overheating in an Irish dwelling.
5.2.2 Primary research source materials
The source materials for the secondary research include the Passive House
Planning Package (PHPP) Version 8.5, Meteonorm software version 7.1, and Microsoft
Excel with Visual Basics for Applications (VBA).
106

PHPP 8.5 is used to generate an energy simulation and overheating frequency
simulation of the test dwelling. PHPP focuses on the building envelope as the primary
indoor climatic modifier in calculating space heat demand and overheating frequency.
Meteonorm V7.1 is used to generate climate data sets for the simulation phases
of the research. Meteonorm provides climate data sets which are used in PHPP to
determine the space heat demand and overheating frequency based on the climate
within a given location. Meteonorm contains a database of meteorological information
gathered from meteorological institutes across the globe. These locations include
weather stations with and without solar radiation monitoring, as seen in Figure 5.1.

Figure 5.1 Map of Europe indicating location of weather stations with solar radiation (green
dots), and without solar radiation monitoring (blue dots). Source: (Meteotest, 2015)

Microsoft Excel with VBA is used to assemble various gathered pieces of onsite
data into a single spreadsheet data set. The use of VBA in Excel allows for coding to be
incorporated to accelerate the process of extracting relevant data from large data sets.
This allows various pieces of data from various data loggers to be collected and matched
by date and time, and combined into single data sets. It also allows for overheating
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periods to be efficiently extracted from large data sets, and eliminates errors associated
with manual logging and data transfer techniques.
5.3

Sample selection criteria for test dwelling
The sample selection process for the test dwelling is a linear, non-probability,

sample selection process, based on building typology criteria as follows:
1. The sample dwelling must represent the most predominant dwelling typology
within the state in terms of dwelling form and scale.
2. The sample dwelling must be designed and constructed to meet nZEB standards,
Passivhaus standards, or both.
3. The dwelling must be designed and constructed after the introduction of the
EPBD Recast of 2011, or constructed in accordance with the applicable state level
legislation introduced after the 2011 EPBD was transposed into law at state level.
4. The dwelling must be located within the same mesoclimate1 as the nearest
synoptic weather station.
1 A mesoclimate

provides for variations in meteorological conditions at 1–100 km

scales of latitude and longitude(Ackerly et al., 2010).
The first step is to identify a building typology. The Tabula Web Tool and
database identifies the most predominant type of single family home constructed after
2004, in Ireland, is a detached 2 storey unit (Intelligent Energy Europe, 2016). This is the
first parameter in identifying a dwelling, as it must be a new dwelling built after the
introduction of the EPBD 2011. Utilising the most predominant dwelling type ensures
that the research methodology is applicable to, and representative of, the greatest
proportion of dwellings in Ireland.
The nZEB standards which were in place at the start of the study in 2016 required
that a dwelling must achieve a primary energy demand of less than 45kWh/m².a
(Department of the Environment, 2012), while the Passive House Standards require that
a dwelling must have a space heat demand below 15kWh/m².a or heat load below
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10W/m² (Feist et al., 2013). This nZEB target was revised to provide for an EPC of 0.30
under Part L Building Regulations 2019, to demonstrate nZEB compliance. The EPC of
0.30 was not applicable in 2016, although the dwelling has been retrospectively
compared to the Part L 2019 standards to confirm this standard is met. The EPC for this
dwelling, in accordance with the original certified data at the time of publishing the BER
(2015) is 0.117, with a CPC of 0.079. It is important to note that this EPC and CPC will
have improved since publication of the BER certificate, as a result of improved primary
energy conversion factors and CO2 emissions factors for the dwelling fuel types used in
DEAP.
Three certified passive house projects were identified in Cork originally, and
were ruled out, as one of these had been completed in 2011, prior to the introduction
of the applicable Part L 2011 regulations on which the study is based, while another two
were under construction and not yet occupied. A shortlist of five test dwellings was
initially identified, allowing for the study area to be refined to zonal areas. These zonal
references are based on each dwellings proximity to the nearest Met Éireann
meteorological data station, for which climate data is available in the Passive House
Planning Package (PHPP), listed next to each dwelling in table 5.1.
Dwelling location (year of construction)
Innishannon, Co. Cork (2013)
Fennells Bay, Co. Cork (2011)
Midleton, Co. Cork (2012)
Douglas dwelling, Co. Cork (2015)
Cloughjordan, Co. Tipperary (2014)

Nearest weather station and distance
Cork Airport, 18km approx.
Cork Airport, 15km approx.
Cork Airport, 23km approx.
Cork Airport, 5km approx.
Birr, 20km approx.

Table 5.1– Shortlist of sample dwellings (source: Finegan, 2020)

The sub-sampling assessment, based on proximity to the weather station, and
building performance, results in the selection of a test dwelling located in Douglas, Co.
Cork, located 5km from Cork Airport synoptic weather station. The dwelling is of
masonry cavity wall construction and represents a traditional form in the context of Irish
dwellings (see Plate 5.1). The dwelling also has the lowest primary energy demand of
the five dwellings, when tested using DEAP software, with a primary energy demand of
18.9kWh/m².a. The test dwelling is one of only 23 dwellings in Ireland to achieve an A1
energy rating at the time of testing, and at the time of selection for the research
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(Sustainable Energy Authority of Ireland, 2016). This dwelling is not a certified passive
house, and although it does have a space heat demand in line with certified passive
house requirements, it would not qualify as a certified passive house due to its air
tightness failing to achieve the passive house target of 0.6ac/h. The certification process
for a passive house involves a rigorous process of inspecting all works on site by a
certified passive house designer, followed by a review of all calculated PHPP calculations
by a Passive House Institute approved certifier. These stages were not conducted for
this dwelling, and as a result simulation of energy performance may not be as reliable
as a certified passive house. The same standards are not required of nZEB dwellings
however, and this dwelling is an example of an nZEB dwelling.
5.4

Definition of the study area
The study area for the research is confined to the geographic area of Cork CASP

metropolitan area, as defined by the Central Statistics Office (Central Statistics Office,
2015). Fig. 5.2 identifies a map which highlights this area.

Figure 5.2 Cork metropolitan area map. Source: (Central Statistics Office, 2015)

The rationale for restricting the study area to the Cork city metropolitan area, is
to maintain consistency between available meteorological data, and the region
containing the test dwelling. The test dwelling is in the Cork city suburbs, and the climate
110

data set available for the calculation of a typical PHPP assessments in the Cork
metropolitan area, is based on data obtained from a meteorological station at Cork
Airport, which also falls into the Cork metropolitan area. The restricted study area allows
for simulated overheating which relies on approved regional climate data, and site
specific climate data within the same metropolitan zone as the test dwelling. The current
PHPP software provides climate data for 3 locations in Ireland; Dublin Airport, Birr met
station and Cork Airport (Feist et al., 2013). This limits the calculation of overheating in
a passive house to macroclimatic levels, where a simulated dwelling falls outside the
same mesoclimate as the climate data station. A macroclimate can be defined as a
geographic area with a broad pattern of climatological similarities across 100+ km scales
of latitude and longitude (Ackerly et al., 2010). A mesoclimate is more refined and
provides for variations in meteorological conditions at 1–100 km scales of latitude and
longitude, reflecting the impacts of the ocean air and the impacts of surrounding local
geographic parameters such as mountains, rivers and lakes (Ackerly et al., 2010). The
use of this pre-defined metropolitan zone in Cork confines the study to a single
mesoclimate. This application of mesoclimate is unique to this research, as energy
assessments and overheating simulations in Ireland typically use macroclimate or
national climate data sets. The exact study area was developed in tandem with the
sample selection criteria for a dwelling, to select a mesoclimate in which an available
test dwelling was located.
5.5

Verification of building envelope performance
The sample selection criteria for the dwelling are based on DEAP calculations

which give an indication as to the dwellings overall primary energy performance,
however the DEAP procedure allows for energy produced on site, from renewable
energy sources, to be subtracted from energy consumed by the dwelling (Sustainable
Energy Authority of Ireland, 2019). The Douglas dwelling, shown in Plate 5.1, includes a
3.18kWp photovoltaic (PV) solar array, for which electricity produced is included in the
DEAP calculation.
In order to ensure the PV array does not skew the results of the sample selection
in favour of this dwelling, an assessment of the building envelope is carried out. As PHPP
software analyses a building based on its space heat demand, the PHPP methodology is
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used to determine the buildings thermal envelope performance, while omitting
renewable energy production. The PHPP assessment includes a full elemental analysis
of the buildings envelope and a thermal modelling analysis for the building, using Therm
software (LBNL, 2015). The final results of the Therm analysis provides thermal bridging
values (Ψ values), in accordance with the requirements of EN ISO 10211. (National
Standards Authority of Ireland, 2007b). These are incorporated into the PHPP
assessment. For the purposes of this simulation the dwelling is assessed using Cork
Airport climate data and using PHPP version 8.5, in accordance with PHI requirements.
The PHPP assessment demonstrates that the space heat demand of the dwelling is
14.5kWh/m².a, and a heat load of 10.2W/m2. The heat demand meets Passive House
criteria as it is below 15kWh/m².a, highlighting that the energy performance of the
building envelope is suitable for this research.

Plate 5.1 Test dwelling (southwest and northwest facades). Source: (Finegan,2020)

5.5.1 Summary of building performance indicators
Table 5.2 identifies the key performance indicators for the thermal envelope of
the test dwelling. These performance indicators are crucial in retaining heat energy
within the building, thereby determining not only the winter energy demand for space
heating, but the buildings capacity to retain heat during warmer months. When
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compared to Part L 2011 elemental standards (Department of the Environment, 2011a),
and Passivhaus benchmark standards, there are no identified anomalies within the
elemental performance indicators for the building envelope. The air permeability result
which is marginally higher than Passivhaus standard of 0.6ac/h, is within the 7m3/m2/h
requirement of Part L 2011.Building
element
Wall Type 1 - Main external walls
Floor type 1 - Main ground floor slab
Roof Type 1 - Main roof
Wall Type 2
Roof Type 2
Roof Type 3
Windows (average)– Overall window
(Uw) per EN ISO 10077-2:2011

As built performance
U-Value : 0.142 W/m²K*
U-Value : 0.117 W/m²K*
U-Value : 0.112 W/m²K*
U-Value : 0.137 W/m²K*
U-Value : 0.127 W/m²K*
U-Value : 0.093 W/m²K*
U-Value (Uw) fixed window : 0.70 W/m²K
U-Value (Uw) sash/operable window :
0.79 W/m²K
Glazed doors (average) - Overall window U-Value (Uw): 0.81 W/m²K
(Uw)
Glazing g-value / solar transmittance (g) g : 0.51
Door – Solid timber panel entrance door U-Value (Ud) : 0.61 W/m²K
(Ud) per EN ISO 10077-2:2003
Air tightness test result per EN13829
n50 : 1.07 ac/h
q50 : 1.08 m³/m²/hr
EPC (from published BER data)
0.117
CPC (from published BER data)
0.079
Table 5.2 Building envelope elemental performance indicators (*calculated using BRE U-value
calculator Version 2.03 and in accordance with the document BR443:2006 (Anderson, 2006))

5.6

Simulating the overheating frequency for the test dwelling

5.6.1 General PHPP simulation
The Dwelling Energy Assessment Procedure (DEAP), which is the mandatory
procedure used to simulate energy performance of dwellings in Ireland, does not
calculate the overheating frequency for dwellings. Passive House Planning Package
(PHPP), version 8.5 is used within this research as it calculates the overheating frequency
for a dwelling, simultaneous to space heat demand. The DEAP methodology follows
European Standard ISO 13790:2008 (Sustainable Energy Authority of Ireland, 2019) for
calculating the dwellings energy performance. This is the same standard on which PHPP
heat loss calculations are based.
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The Cork Airport climate data set provided by PHI is produced using Meteonorm
software. As a result of the test dwelling being located in a more urbanised area to that
of Cork Airport, a new climate data set is generated using Meteonorm software, Version
7.1, creating a data set for the dwellings microclimate to refine the results of the
overheating frequency simulation. This microclimatic data set includes an inclined
horizon calculation, in line with the horizon which surrounds the building. The impact of
local over shading, such as neighbouring buildings and trees, is accounted for within the
PHPP assessment as façade shading. The use of a more localised data set is shown to
provide a more accurate calculation within the PHPP assessment (McLeod et al., 2012),
in terms of space heat demand, heating load, overheating frequency, and cooling
demand calculations.
The overheating frequency for the building is shown as a percentage of
overheating in PHPP, based on the total number of hours during a typical 12 month
period, where the indoor temperature exceeds 25⁰C. This is then taken as a percentage
of total days in a year. This method is implemented in accordance with German
standards DIN 1946-2 (McLeod et al., 2013). The overheating percentage is impacted by
assumed passive ventilation strategies within the calculations, which require occupant
interaction to promote natural ventilation within the occupied spaces. These are
accounted for in the simulation by including natural purge ventilation through windows,
during occupied hours only, to account for security issues as specified in CIBSE TM59
(Bonfigli et al., 2017). The overheating frequency is broken down in PHPP, to identify a
month by month cooling load based on DIN 1946-2 recommendations.
A full dwelling survey was carried out prior to the empirical investigation, to
calibrate the PHPP model against the data gathered on site. Before the sensors were
placed on site a full survey of the dwelling was conducted to confirm the orientation,
dimensions and general layouts were in accordance with the drawing. An extensive
survey was conducted and a set of ‘as built’ specifications and drawings were requested
from the project architects. A combination of on-site survey and as built data was then
used to generate the PHPP model, as a PHPP model did not exist for this dwelling. This
ensured that the PHPP model was entirely based on as built data and specifications.
Architect supplied data includes data relating to the opaque building envelope, while on
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site surveyed data was included to confirm the make and model of windows, mechanical
ventilation, and components on the active heating system and PV system.
In addition to the building related data, unstructured interviews were conducted
with the dwelling occupants prior to the survey, and monthly when gathering data. This
determined their interactions with the space for the purposes of determining general
occupancy patterns, use of purge ventilation, use of secondary and primary heating
appliances, and mechanical ventilation during the summer season. The MVHR system
was run in summer bypass mode for the months of April through to September, the
space heating was inactive from March through to October, and occupants typically
used window openings outside of working hours (after 6pm) to ventilate the dwelling.
Bedrooms typically relied on tilting mechanisms on windows for overnight ventilation.
All of these user interactions are accounted for in PHPP to calibrate the model closely
against post occupancy usage patterns, while occupancy patterns are considered in the
subsequent analysis of data.
5.6.2 Occupant behaviour within the study
An important factor within the simulation is occupant behaviour during periods
of overheating. Although this study is an objective approach to assessing overheating
within a dwelling, the occupants’ general interactions within the space will have an
impact on temperatures across the warmer months when higher indoor temperatures
are typically anticipated. Thermal comfort studies are not part of this research, however
as temperature readings are collected on a month-by-month basis, these are studied on
each day of collection and an informal interview is held with the occupants to determine
their interactions with the space to promote natural ventilation. The occupants are
found to typically promote natural ventilation within the living spaces through the hours
of 6pm to 10pm. This natural ventilation is included in the PHPP simulation, to ensure
the simulation accurately represents occurrences of overheating, while considering
occupant behaviour toward overheating. Ventilation through bedroom windows is also
included during nigh time hours from 10pm to 8am, in accordance with occupant usage
patterns, and as per occupant provided data.
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5.7

Overview of testing procedure
Following the simulation of overheating using PHPP, the frequency of

overheating is measured in the test dwelling over a period of 12 months. In order to
compare a measured year of overheating to the simulated annual overheating
frequency, a series of temperature sensors must be placed in the dwelling to determine
regular temperatures within the occupied spaces. These temperature readings are then
combined for comparison with the simulated overheating frequency.
The test procedure also requires outdoor temperature and global solar radiation
to be measured on site. This allows for a comparison between simulated overheating
frequency and measured overheating frequency to be drawn, based on specific on-site
meteorological measurements within the test year. These are crucial factors in the
generation of climate data for the simulation and are therefore crucial factors to be
measured on site.
5.8

Measurement equipment and installation
During the measurement phase of the research temperature sensors are placed

throughout the test dwelling in various locations to gauge and log internal temperatures
in each habitable space. Habitable spaces are defined as rooms in a dwelling used for
living or sleeping purposes but does not include a kitchen having a floor area of less than
6.5 m2 (Department of the Environment, 2009). As the data loggers are located on the
wall surfaces, the temperature measurements will include both radiant surface
temperature and air temperature in close proximity to the sensor. This will align closely
with the operative temperature within each space.
The test dwelling contains 3 bedrooms on the first floor, an open plan
living/dining/kitchen area, a lounge, and a large entrance hall with stairs on the ground
floor, all of which could be used for living purposes. See floor plan layouts shown in
Figures 5.3 & 5.4. Temperatures are measured using Gemini Tiny Tag Transit 2 TG-4080
temperature data loggers. These data loggers include a 10k NTC thermistor and a logger
capable of storing up to 8000 readings, with a CR2325 power cell allowing for remote
measurements to be logged without an external power supply. These units allow multi
zone measurements to be logged simultaneously for a 12-month period, every 6
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minutes (10 readings per hour), without the need for a central logger. Each logger is
placed in a location where it is protected from solar radiation, and direct internal heat
gains. Temperature readings are available to 3 decimal places and each sensor has been
calibrated and tested to provide calibration reports from a UKAS accredited laboratory,
indicating a margin of error of less than 0.1°C for all sensors.

Plate 5.2(above left) located temperature sensor behind timber furniture in lounge and Plate
5.3(above right) in entrance hall, behind timber fitted furniture.

Figures 5.3 and 5.4 indicate the location of the sensors on the floor plans. Sensors
numbered T01-T03 on the ground floor are located away from heat producing
appliances and are fitted to a wall surface behind loose furniture. This prevents direct
cold air ingress from the main entrance causing unexpected fluctuations in temperature
on T02 when the door is open, and similarly for the window opening next to T03, as
shown in Plate 5.2 and 5.3. For temperature sensors T04, T05, and T06 they are placed
on the inner face of the southern wall, facing north, behind curtains at high level, to
provide screening from any form of radiation, as shown in Plate 5.4. The sensors are also
strategically located on the opposite side of the window to the opening sash, to prevent
air ingress at outdoor temperature being picked up when the windows are in operation.
All sensors are clear of all direct obstruction to allow for clear air flow around the
sensors.
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Plate 5.4 temperature sensor located in bedroom 2
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Figure 5.3 Ground floor plan for the test dwelling with locations of sensors indicated T01-03 source: drawings by Mulcahy Ralphs Architects (red notes by Finegan, 2020)
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Figure 5.4 First floor plan for the test dwelling with locations of sensors indicated T04-06 source: drawings by Mulcahy Ralphs Architects (red notes by Finegan,2020)
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The selection of the temperature sensors was based on the following criteria:
•

Sensors must have a degree of accuracy not exceeding 0.1°C

•

Each sensor should be wireless, and battery powered for uninterrupted remote
recording of temperatures

•

Calibration reports must be available to determine the exact error for each
sensor

•

Automatic temperature logging and recording facility must be available for a
minimum of 30 days of recordings

Due to the number of wireless devices already installed in the dwelling, a central
logger with wireless remote sensors was deemed unreliable due to possible data
interruptions. As the dwelling is occupied daily and sensors are located in habitable
spaces, battery operated units help to eliminate any loss of data due to power loss or
accidental unplugging of a mains powered logger in each room.
The IP54 rating on the temperature loggers, allows the Tiny Tag unit to be used
for monitoring of outdoor temperatures simultaneous to indoor temperature. This
prevents the necessity to use a shielded probe, which is typically used at meteorological
data stations, which would require a separate data logger, an outdoor power source,
which is not available on site. The impact of solar radiation on temperature readings
must also be considered. Standard practice for meteorological measurements
incorporates a solar radiation shield for outdoor temperature sensors (Lacombe et al.,
2011). The inner housing of the selected radiation shield is a critical deciding factor in
choosing the shield, as the Tiny Tag unit is of a different geometry to that of a typical
temperature probe.
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Plate 5.5 (above left) Plate 5.6 (above right) Tiny Tag Transit 2 temperature sensor & Davis
7714 solar radiation shield, respectively – (source: Finegan,2020)

The radiation shield selected is a Davis 7714 solar radiation shield, shown in Plate
5.6. This unit is selected due to its performance. In a test report published by the World
Meteorological Organization in 2011, the Davis 7714 is tested alongside 15 alternative
solar radiation shields. The report ranks all 16 shields against a WMO working reference.
Tests on the Davis 7714 radiation shield demonstrate than it achieves a 5/5 start rating
when compared with the working reference temperatures and scores 5/5 on the more
"absolute" rating, defined within the report. It is one of only 2 shields tested which
scored 5/5 on both ratings. The report indicates that the temperature readings were
shown to be within the required ±0.5⁰C for; 99% of maximum reference temperatures,
99% of minimum reference temperatures and 97% all temperature readings. The
response time to a change in temperature is also shown to be faster than the working
reference (Lacombe et al., 2011). A shielded and unshielded temperature sensor are set
up on site to validate the requirement to use a radiation shield.
A pyranomoter is used to measure global solar radiation as part of this research.
For the purposes of a building energy modelling or overheating analysis, the outputs
from a pyranometer are generally required in the form of solar irradiance, measured in
W/m² (Tham et al., 2011). The pyranometer installed at the test bed is a Kipp and Zonen
CM11 pyranometer, shown in Plate 5.7.
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Plate 5.7 Kipp and Zonen CM11 pyranometer – source: (Finegan,2016)

Pyranometers are assigned 3 classifications under standard ISO 9060 which is
implemented by WMO. The highest classification is secondary standard, followed by
first class and second class respectively. The CM11 achieves secondary standard
classification (Kipp & Zonen B.V., 2000). The unit was provided on loan for the duration
of the research, from Met Éireann’s Valentia Observatory, where the unit was calibrated
prior to commencement of the research. The unit was also provided with a Campbell
Scientific CR10X data logger to record solar radiation readings. The outdoor temperature
sensor and pyranometer are located on site in accordance with figure 5.5.
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Figure 5.5 Site plan layout for test dwelling with location of pyranometer in red (Srad) and
ambient temperature sensor in red (TA) – source: drawings by Mulcahy Ralphs Architects (red
notes by Finegan,2020)

Prior to installing the pyranometer the site was examined to determine the
most suitable location for installation of the pyranometer. As the site is a suburban site
there is substantial over-shading at ground level from trees, the test building itself, and
neighbouring buildings. The pyranometer should be located with an open
unobstructed view in all directions (Kipp & Zonen B.V., 2000). The only location that
meets this criterion is above roof level. In order to fix the pyranometer above roof
level a custom-made bracket is designed to fix the unit to the side of a chimney
structure, shown in figure 5.6. The bracket/support arm raises the pyranometer above
the highest point of the chimney to prevent over-shading from the chimney. The data
cable should face north; therefore, the fixing holes for the unit must be strategically
placed to ensure that the cable is taken down the north side of the upright arm. The
base plate of the unit should be larger than the pyranometer to deflect any upward
reflected solar radiation from the stainless-steel cap on the chimney. The height of the
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unit should be such that potential exhaust gases from the chimney have cooled
sufficiently so as not to interfere with readings. The pyranometer will detect
temperatures of >200⁰C as radiation (Kipp & Zonen B.V., 2000).
As this is a wood burning stove, further research indicates that typical wood
burning appliances do not generally emit gasses at temperatures exceeding 200⁰C
(Messerer et al., 2007). Nonetheless, the base plate of the support bracket is designed
and located to divert gas away from the unit and prevent any condensation occurring
on the glass lens, in the event that the stove is in use. During the warmer months,
when solar radiation measurements were most critical, the stove was not in use.

Figure 5.6 Front elevation and side elevation of pyranometer support arm source:
(Finegan,2016)

5.8.1 Pre-trial to confirm data outputs
In advance of setting up the test bed a pre-trial scenario was set up at the authors
dwelling. The pre-trial was carried out during the months of December 2015 and January
2016. The pre-trial for the temperature loggers included 4 Tiny tag units located in 4
individual spaces within the dwelling to record the temperature in each space. The
sensors were configured using Tiny Tag Explorer software, which allows for each sensor
to be given a logging description which identifies the room in which each logger is
located. The software also allows for the logging interval for each logger to be set and
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gives feedback to determine after how many days and hours the logger will reach
capacity. The loggers were set to record 10 readings per hour at 6 minute intervals. This
allows for the loggers to continue running for a 33 day period without interruption. The
loggers were checked after 28 days and the result of the pre-trial for all 4 indoor loggers
provided a successful 28 days of readings, with no errors or omissions. The sensors have
an automatic built in error indicator, with an LED which changes colour if an error occurs.
No error occurred.
The pyranometer was also set up for a 2 day period to determine the output
requirements from the logger. The CR10X logger had a preloaded program from Met
Eireann which allowed for recording of solar radiation at 1 second intervals. Some of
these recordings were average recordings per minute and others recorded every
second. The 12 outputs include:
•

9 variations in solar radiation records

•

Day no. & date/time records

•

Battery voltage record

It was noted that while using the pre-programmed software the logger ran out
of memory after less than 3 days and began to overwrite data from day 1. This was
primarily due to a limited memory capacity coupled with the intervals of readings and
the number of readings recorded. The fluctuations in solar radiation per second, shown
during the test period, were not justified to maintain 1 second logging intervals. 6
minute intervals were tested briefly, to align with the temperature, and observed using
PC200W software. This recording interval was considered too broad as fluctuations in
solar radiation observed in real time were relatively scattered over a 6 minute period
due to variations in cloud cover. The data logger has a memory module which
accommodates 524,288 locations. Each location is equivalent to 1 unit of data. A further
test was set up to record per minute. In order to counteract fluctuations within a single
minute an average reading per minute was taken, along with a minimum and maximum
reading. This allowed any fluctuation in solar radiation to be clearly identified within any
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given minute. Using PC200W software from Campbell Scientific a new program is
generated to log the following parameters:
•

Day no

•

Year

•

Time

•

Radiation readings in W/m² average per minute (W/m²AVG)

•

Radiation readings in W/m² maximum per minute (W/m²MAX)

•

Radiation readings in W/m² minimum per minute (W/m²MIN)

•

Radiation readings in kJ/m² total per minute (kJ/m²TOT)

With 7 parameters recording per minute this allowed for readings to be recorded
for up to 52 consecutive days. A further test run was set up for 28 days to confirm the
accuracy of the outputs. This test run confirmed that the new program was recording as
intended.
5.8.2 Data collection
The consistency of temperature readings over a 12 month period are crucial. The
temperature logger units have 2 available methods for downloading data. The first
method involves opening the front casing of the unit to expose a mini USB connection
to transfer data via a USB cable to a computer. The second uses an inductive pad which
allows the units to remain sealed while data is downloaded, by placing the logger unit
on the inductive pad which is connecting back to a computers USB port. The option of
using an inductive pad was preferred as opening each units outer casing may interfere
with the calibration of each unit. The data was downloaded from each logger using ‘Tiny
Tag Explorer’ software, shown in figure 5.7. This downloaded data contains information
for each logging period, a graph of temperatures logged for each period and a table of
data containing each reading taken.
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Figure 5.7 Tiny Tag Explorer Software interface (Graph View). source: (Finegan, 2016)

The raw data is stored in .ttd file format which includes a graph and all associated
database information in a single file, in accordance with Figure 5.7. This file can be
exported from Tiny Tag explorer to Microsoft Excel format in order to collate all data.
Internal and external temperature datasets were downloaded in the same format.
The solar radiation readings were downloaded from the CR10X data logger using
a Serial port to USB data converter. This allowed for direct download of data from the
CR10X to a laptop computer using Campbell Scientific PC200W software, shown in figure
5.8. The software allows for data to be stored in a single central file on the laptop, and
at the end of each logging period the data is automatically added to the file, as opposed
to creating a new file for each logging period. The data is stored in .dat format, which
can be imported directly to Microsoft Excel to collate all data.

128

Figure 5.8 Campbell Scientific PC200W interface. source: (Finegan, 2016)

Once the temperature and solar radiation data are downloaded, they are
combined into a single spreadsheet within Microsoft Excel. As the temperature data is
taken at 6 minute intervals and the solar radiation is taken at 1 minute intervals the data
is combined using Macro enabled workbooks with Visual Basics for Applications (VBA)
enabled. Using VBA for Excel, a single spreadsheet is generated to combine each data
set and collate each reading based on matching date and time functions. This allows for
a single data set to be generated to compare solar radiation, outdoor temperature, and
indoor temperature.
5.9

Data analysis and evaluation
The analysis of data includes both a comparative analysis of simulated and

measured overheating, and a quantitative analysis of measured overheating caused by
fluctuating meteorological factors. The general quantitative research is broken down
into three tiers as follows:
1. Long-term analysis of overheating (future casting): identifies the impact of longterm changes in climate, on overheating patterns in the test dwelling.
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2. Medium-term analysis: identifies overheating patterns across a 12 month period,
to identify variations between simulated and measured overheating on an
annual basis.
3. Short-term (cross sectional) analysis: identifies the relationship between
individual variables contributing to overheating within the test dwelling, within
given days and given hours where overheating occurs.
The combined results of each tier of the analysis are used to identify issues which
can be used to improve the simulation of overheating frequency in nZEB and PH
dwellings.
For the purposes of the analysis the temperature thresholds for overheating are
a static 25°C and 24°C. This aligns with the requirements of the Passive House Standard
(Feist et al., 2013), discussed earlier in this document, while also considering the impact
of a reduced threshold of 24°C in accordance with WHO recommendations (Dengel and
Swainson, 2012). Although TM52 recommends a dynamic temperature threshold
(Dengel and Swainson, 2012) (Nicol and Spires, 2013), the literature review for this
research shows that variable thresholds which align with variations in outdoor
temperature are not aligned with requirements to protect occupant health. TM52 itself
references the findings of Fanger, 1970, which identifies that occupant perceived
thermal comfort does not change based on an occupant’s place of origin. This indicates
that fluctuations in outdoor temperature are not a reliable method of identifying
acceptable

indoor

temperatures.

Furthermore

the

WHO

recommend

that

cardiovascular stress is induced above a static temperature of 24°C (Ormandy and
Ezratty, 2012) . This research is focused on static temperature thresholds, for the
improvement of indoor environments to protect occupant health. Through the
application of a fixed 24°C and 25°C threshold for overheating, indoor temperatures can
be gauged against both Passive House standard fixed threshold and the more onerous
WHO recommended threshold of 24°C. All temperatures are represented to 1 decimal
place throughout the empirical investigation, to align with the resolution of the
temperature threshold within PHPP software, which is set to 25.0°C a standard. The
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reduced threshold of 24°C is deemed to be 24.0°C, and all thresholds set out within the
empirical investigation follow the same principle for resolution of data. This results in
temperatures between 25.00°C and 25.05°C (and below) being eliminated from the
percentage overheating calculations for the standard PHPP threshold. Temperatures
between 24.00 and 24.05°C (and below) are similarly excluded from the reduced 24°C
threshold frequency calculations.
5.9.1 Long-term analysis
The long-term analysis sets out how the test dwelling will perform over the next
80 years, based on future climate data sets. This is achieved by generating site specific
climate data for future periods in Meteonorm software, version 7. The typical data set
used in PHPP is a historic climate data set. The Cork Airport data set includes data which
spans from 1990-2010. As the climate data set used to predict the percentage of
overheating is a historic climate data set, and the climate has changed year on year, the
predicted overheating pattern represents a median year for the period of the climate
data set. The graph shown in Fig. 5.9 identifies how the PHPP method may compare to
a climate change method.

Figure 5.9 Graph demonstrating the PHPP predicted overheating performance for a typical low
energy dwelling from 1980 to 2100 (not measured data -sample data only) source:
(Finegan,2020)

The climate change method represents a variation in overheating not only in
future scenarios, but in the current scenario. The median method does not accurately
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represent the performance of the dwelling outside the period for which the climate data
set is generated. When the impacts of increases in annual temperature and solar
radiation as a result of climate change are considered, in the period of 1990-2010, the
climate data set for this period would more closely resemble the climate for the median
year in the period. The long-term analysis also aims to identify how the use of historic
climate data sets may misrepresent current overheating trends.
In order to conduct the overheating simulation, Meteonorm data sets are
generated for future overheating frequency, based on three IPCC scenarios representing
a typical low emissions, medium emissions and high emission scenario. These include
SRES scenarios; A2, A1B and B1. Although the SRES scenarios have been superseded by
RCP scenarios, climate data sets were unavailable for the new RCP scenarios during this
research. A comparison of SRES and RCP scenarios in carried out later into this
document. From the generated SRES climate data sets, the trend in overheating for each
scenario is identified, for each decade from 2020-2100.
The next step in the long-term analysis identifies the variation between using a
20 year data set, and a single year data set. Using meteorological data measured on site
during the test year, a climate data set is constructed, and the overheating frequency
for the test year is simulated. Future overheating is then predicted to create a new
series, by using the new overheating frequency for the test year as a new starting point.
Applying the original trend line equation to this new starting point then provides a new
series, which is more aligned with a single year performance. This allows for variations
as a result of using 20 year average climate data to be identified and evaluated.
5.9.2 Medium-term analysis
The medium-term analysis is a comparative analysis of measured and simulated
overheating for the test dwelling. The PHPP simulation is developed to accurately reflect
the conditions surveyed at the test dwelling. As there is an allowance in the simulation
to include operable windows for natural ventilation to reduce overheating, an approach
to natural ventilation during the summer months is included. This considers; 3 hours per
day where operable windows in the living spaces are open, while the tilt and turn style
bedroom windows are included as being open throughout the night-time hours on their
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tilt mechanism, during the PHPP simulation. A mechanical ventilation and heat recovery
system (MVHR) is operational within the dwelling, with a summer bypass operational
during summer months. This summer bypass is also included within the simulation. The
summer bypass allows the MVHR system to bypass the heat exchanger during warmer
months, providing continuous ventilation at ambient outdoor temperatures to all
habitable spaces. During the simulation the threshold for overheating is standardised at
25°C for the DIN 1946-2 method, while the threshold is also reduced to 24°C for a second
assessment in accordance with WHO recommendations (Ormandy and Ezratty, 2012).
In order to compare on site measured overheating to the simulation, the
measured temperatures must be represented in the same way as simulated
temperatures are represented in PHPP. The PHPP simulation relies on a single indoor
temperature, which is derived from the average temperature of the internal ventilated
volume of the building. For the comparison between simulated overheating and
measured overheating to be accurate, a formula to determine a volume weighted mean
temperature was developed as part of this research, based on all zonal temperature
readings taken on site, as follows:
𝑖𝑖=6

𝑉𝑉𝑖𝑖
𝑇𝑇𝑣𝑣𝑣𝑣 = � 𝑇𝑇𝑖𝑖 � �
𝑉𝑉𝑡𝑡
𝑖𝑖=1

Where,
𝑇𝑇𝑣𝑣𝑣𝑣 = 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑇𝑇𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧(℃)
𝑉𝑉𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧(𝑚𝑚3 )
𝑉𝑉𝑡𝑡 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 (𝑚𝑚3 )

Once the above formula is applied, the percentage of readings above 25°C and
24°C can be directly compared with the simulation at the same overheating temperature
threshold. This is the first phase of the medium-term analysis, and allows for the annual
overheating frequency to be compared directly, identifying the extent of variations
between the simulation and on site measurements.
The second phase of the medium-term analysis identifies the variation in
temperature between various zones within the dwelling. This identifies variations which
may be attributed to the use of the PHPP method, in applying a central building
temperature, as opposed to zonal temperatures. This assessment is carried out to
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determine the significance of zonal overheating, and to identify if there is a necessity to
implement zonal overheating simulations in PHPP, in place of a central temperature
based approach.
5.9.3 Short-term analysis
A short-term analysis of measured data is carried out to examine the correlation
between increased solar radiation, outdoor temperature, and indoor temperature on
an hourly basis. This is used to determine the most influential factors during short-term
durations of overheating, by assessing indoor temperature, and fluctuations in outdoor
meteorological conditions. In order to minimise repetition, one day in each month is
examined, determined by the day in each month where the peak hourly average indoor
temperature is experienced. All other days where overheating is experienced are also
mapped, and are included in Appendix A, however these are not discussed in the main
analysis section of the Thesis. The analysis is also confined to a single zone on each floor,
determined by the zone which experienced the highest number of days where
overheating occurred, as identified through the medium-term analysis. The findings can
be used to determine the significance of each meteorological factor in occurrences of
overheating, while also identifying a method of representing extreme days in each
month, in a revised PHPP simulation.
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Figure 5.10 Radar graph to represent hourly average indoor temperatures in accordance with
short-term analysis requirements.

As part of the short-term analysis the radar graph method shown in Figure 5.10
is developed to represent hourly occurrences of overheating. The graph is developed to
provide a visual guide in determining the various tiers of overheating which may occur
within a given 24 hour period. These tiers include:
1. Overheating: health threshold breached (HTB): This is a temperature threshold
of above 24°C, defined as the temperature threshold at which there is a potential
risk to the health of vulnerable occupants, defined by WHO
2. Overheating: standard threshold breached (STB): This is any temperature of
between 25°C and 28°C, defined by the Passive House Institute as ‘overheating’.
3. Overheating: upper threshold breached (UTB): This is any temperature above
28°C for which CIBSE TM52 states should not be exceeded for more than 1% of
a typical year
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This radar graph method is unique to this research and has been developed as
part of the assessment methodology. This method of representing overheating on a
daily basis was developed as the research progressed, as is also referenced later in this
document as a method of representing the extent of daily overheating in a redeveloped
PHPP plug in.
5.10

Conclusion
This methodology provides a unique approach to measuring and evaluating

overheating in an nZEB dwelling in Ireland. The application of a static threshold for
overheating emerges from a differentiation between overheating thresholds which are
defined for thermal comfort, and for thermal health. CIBSE TM52 and TM59 recommend
the application of a dynamic overheating threshold, which contradicts the
recommendations of WHO, whereby cardiovascular stress is induced above a fixed
threshold of 24°C. A fixed threshold of 25°C is applied in the case study for comparison
with Passive House requirements, and a second threshold of 24°C is applied to
determine periods when temperatures exceed a thermal health threshold.
The use of a pyranometer to measure global solar radiation at the test dwelling
provides, is unique to this research, in identifying the correlation between short-term
overheating patterns in low energy dwellings and specific quantities of solar radiation.
This allows for a comprehensive short-term overheating analysis of the dwelling to be
conducted, to quantify the impacts of solar radiation on overheating on an hourly basis.
The three-tiered approach in providing a short, medium and long-term analysis of
overheating are unique to this research and aim to identify; patterns in overheating
associated with localised overheating within the dwelling, relationships between indoor
and outdoor environments, and identify the impact of climate change on overheating
over the remainder of this century. The purpose of the three-tiered approach aims to
provide a new and novel way of simulating overheating in low energy dwellings, by
providing a methodology which is not only applicable to research of this nature, but to
overheating simulations going forward. The radar graph method of visually representing
short-term overheating is unique to this research and provides a clear visual method of
identifying when breaches in overheating thresholds are likely, while expanding on the
PHPP single threshold for overheating.
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Chapter Six
Current and future analysis of PHPP modelled overheating data
6.0

Introduction
This chapter identifies PHPP simulated overheating patterns in the test dwelling

while identifying the variations between these simulated occurrences and measured
overheating occurrences in the occupied test dwelling. The aim of this chapter is to
identify how, where, and when overheating occurs within the dwelling. This will then
inform recommendations which contribute to the existing body of knowledge relating
to standards for low energy dwellings, overheating in low energy dwellings, and identify
the impacts of climate change on low energy dwellings. The investigation of measured
overheating is analysed alongside PHPP simulations for overheating, with the aim of
providing recommendations which may refine overheating simulations in PHPP. The
analysis of simulated and measured overheating is broken down into three tiers for the
purposes of this chapter, as follows:
1. Long-term analysis of overheating (future casting): identifies the impact of longterm changes in climate on overheating patterns in the test dwelling.
2. Medium-term analysis: identifies overheating patterns across a 12 month period,
to identify variations between simulated and measured overheating on an
annual basis.
The long term and medium term analysis are them followed by a short term
analysis on the next chapter. The Short-term (cross sectional) analysis identifies the
relationship between individual variables contributing to overheating within the test
dwelling, within given days and given hours where overheating occurs.
The three tiers of analysis above are listed from long-term to short-term for
identification purposes only, and do not occur in this order throughout the Thesis. The
collected data is recorded on a medium-term basis, and therefore the initial analysis of
data is a medium-term analysis. This is then followed by a long-term analysis to identify
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the potential variations in overheating across the lifetime of the dwelling, as a result of
anticipated climate change predictions.
6.1

Medium-term analysis - Comparative analysis of simulated and measured

annual overheating frequency
6.1.1 Comparison of annual overheating simulations and measurements
The test dwelling is located within the same mesoclimate as Cork Airport
synoptic weather station, allowing for Cork Airport climate data to be used in the PHPP
simulation. During the summer months of 2016, Met Éireann’s monthly weather reports
indicate that Cork Airport experienced average temperatures of; 1.0°C above the Longterm Average (LTA) in June, 0.0°C above/below the LTA in July, and 0.1°C below the LTA
in August. Average sunshine hours for Cork Airport were 1% above the LTA in June, and
marginally below the LTA in July and August. Extreme periods during the same months
highlight that the highest temperature across Ireland during the same periods were
experienced in; Co. Clare at 25.7°C in June, Co. Roscommon at 30.4°C in July, and Co.
Galway at 25.5°C in August (Met Éireann, 2016b; Met Éireann, 2016d; Met Éireann,
2016c). These extreme temperatures were not experienced anywhere in Ireland for
periods long enough to be determined as a ‘heat wave’, as defined by Met Éireann.
Although the average temperature in Cork is above the LTA for June, exposure to solar
radiation is only marginally higher than LTA figures for June (Met Éireann, 2016a). As
solar radiation is the predominant contributing factor in the occurrence of overheating,
variations in temperature during June are not considered significant enough to justify
the use of an extreme summer climate data set, to simulate overheating frequency. All
three months taken as a summer season indicate that during the summer season of 2016
Ireland experienced typical summer weather conditions, which requires the use of a
typical climate data set for simulation, to align with the PHPP methodology.
The PHPP simulation identifies an overheating percentage based on an average
dwelling temperature. In order to determine an average dwelling temperature from
measurements the temperature of each space is included as a volume weighted
arithmetic mean (Tvm), as outlined in the methodology for this research. Each habitable
space, which can be separated from another habitable space via a solid enclosing
element, is defined as a separate zone within this research.
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With a 25°C threshold for overheating, PHPP indicates a simulated overheating
pattern within the test dwelling of 0.00% overheating. The measured level of
overheating, based on the volume weighted mean temperature (Tvm) value for the
dwelling, indicates that there is a 2.64% occurrence of overheating. Reducing the
threshold to 24°C, in accordance with WHO recommendations, shows an increase to
4.67% overheating when using the Tvm value, compared with a 2.1% simulated value.
Although this variation in percentage may not appear significant, the percentage
method is not indicative of the exact number of days when overheating is experienced.
Table 6.1 below highlights the variation in overheating when comparing the simulated
and measured overheating percentages, while converting the percentage into days
within a year. The actual number of days on which overheating occurs for the
measurement period is also stated. The percentage of overheating in the PHPP
simulation considers the entire 365 days of a typical year when calculating overheating
percentages.
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Description of simulation /
measurement

Percentage
overheating

Actual no. of
days where
overheating is
measured

0.00%

Equivalent no.
of days
overheating
from
simulation*
0

simulated overheating >25°C
measured overheating >25°C

2.64%

9.64

13

simulated overheating >24°C

2.1%

7.67

n/a

measured overheating >24°C

4.67%

17.05

44

n/a

* Equivalent number of days is based on overheating percentage taken as a
percentage of 365 days
Table 6.1 Comparison of simulated and measured overheating percentages. Source: (Finegan,
2020)

The measurements demonstrate that the percentage of overheating is at
variance to that of the simulation. The representation of overheating as a percentage
does not indicate on how many days overheating occurs, rather highlighting a total
portion of a typical year, which may account for part of this variation. When represented
as days of overheating, the percentage of overheating does not reflect how overheating
may occur sporadically and may not be continuous. The simulation may accumulate
parts of individual days, where comparatively the number of days on which overheating
occurs may be higher, as demonstrated in table 6.1. This lack of acknowledgement of
the sporadic nature of overheating is predominantly due to the monthly average
temperature values and solar radiation values within the climate data sets, which are
used for overheating calculations in PHPP. This leaves the percentage overheating
method open to interpretation and may lead to further underestimation in terms of the
prevalence of overheating across various time intervals, particularly during months
when solar altitude is reduced and solar gain is more direct.
The study identifies a number of different months when temperatures exceed
25°C. When compared to a typical simulated year, the simulation does not demonstrate
overheating during any month of the year, when applying a 25°C overheating threshold.
When the threshold for overheating is reduced to 24°C overheating is observed within
the simulation for a brief period during the month of July when temperatures exceed
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24°C for a period representing 2.1% of the year (see figure 6.1). The measured
temperatures demonstrate that overheating is experienced much more frequently than
the simulation suggests, as demonstrated in figure 6.1.

Figure 6.1 Max daily Tvm within the dwelling across the year with overlay of simulated
temperature extracted from PHPP version 8.5. source: (Finegan, 2020)

When the measured temperature is examined in more detail, Tvm exceeds 25°C
during one day in the month of May, six days in the month of June, three days in the
month of July, and three days in the month of August. The total number of days where
Tvm exceeds 25°C is 13 days. When the threshold for overheating is reduced to 24°C, the
number of days on which overheating occurs increases significantly to 44 days, with Tvm
again exceeding 24°C in May, June, July, August and September. The PHPP simulation
suggests that the dwelling will only exceed 24°C in the month of July (see figure 6.1).
The observed variations between simulated and measured indoor temperatures
are predominantly due to the use of monthly mean outdoor temperatures, Tvm values,
and monthly mean solar radiation figures, to predict overheating. Overheating typically
occurs during periods of extreme temperature and solar radiation, as observed from
outdoor measurements taken during the same measurement period. This is identified
in more detail in the short-terms analysis. These extreme periods are averaged with
typically cooler and cloudier periods within the climate data sets, which increases the
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probability of an underestimation in simulated overheating. This is clearly demonstrated
through comparison of measured and simulated overheating patterns outlined in figure
6.1. The issue is further magnified through the use of a percentage to represent
overheating where the threshold is reduced to 24°C. The measured overheating
frequency at 24°C is 4.67% which would represent 17.05 days if a day is assumed to be
a full 24 hour period and taken as a percentage of a year, yet Tvm exceeds 24°C on 44
individual days throughout the year.

Figure 6.2 overheating frequency as a percentage of each month during the overheating
season. source: (Finegan, 2020)

Overheating measured as a percentage of each calendar year ignores the extent
of overheating within each month. Although measured overheating with a 25°C
threshold can be shown to represent 2.64% of the year, the overheating percentage
peaks in June at 11.94% of the month (see figure 6.2). When the threshold for
overheating is reduced to 24°C the overheating percentage increases to 27.19% in June,
where the measured annual overheating percentage is identified as only 4.67% of the
year at 24°C. This demonstrates the underestimation which may be commonly present
in representing overheating as a percentage of a year.
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Month
May
June
July
August
September

Percentage
overheating
(>25°C)
0.65%
11.94%
1.85%
0.65%
0.00%

measured no. Percentage
of days (>25°C) overheating
(>24°C)
1.00
2.43%
6.00
27.19%
3.00
14.97%
3.00
10.91%
0
0.39%

measured no.
of days (>24°C)
4
12
11
15
2

Table 6.2 Comparison of measured percentage overheating monthly and actual days where
temperatures exceed the given thresholds for overheating. source: (Finegan, 2020)

Table 6.2 identifies the percentage of overheating experienced per month, while
also identifying the number of days on which the threshold for overheating is exceeded.
A comparison of June and August, at an overheating threshold of 24°C, identifies further
limitations in the percentage method. While June experiences overheating for 27.19%
of the month, at a 24°C threshold, this overheating occurs on 12 days within the 30 days
in June. The month of August shows a substantially lower percentage of overheating at
10.91% with the same 24°C threshold, yet the number of days where the indoor
temperature exceeds 24°C exceeds that of June, exceeding threshold on 15 days in
August. The month of August has shortened daylight hours, due to a reduced solar
azimuth when compared to June, with longer night-time periods. The altitude of the sun
is also lower in August, providing more pronounced overheating for shorter daytime
periods. The potential for night-time cooling is also increased in August, due to extended
night-time periods. This may result in a lower percentage of overheating in August,
although the number of days on which overheating is experienced may be greater than
mid-summer intervals. This highlights that the percentage method may be a
misrepresentation of what is happening within a dwelling, even when a monthly method
is applied.
6.1.2 Comparison of zonal and dwelling average overheating
The annual percentage comparison for simulated and measured overheating is a
good indicator of the unpredictable nature of overheating patterns, and the
underestimations associated with using monthly mean temperatures and monthly mean
solar radiation to predict overheating. The use of Tvm to determine the dwelling
temperature also has limitations in determining occurrences of overheating within a
dwelling. For this section of the research, the measured percentage of overheating
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based on Tvm is compared directly to the percentage of overheating using individual
temperatures measured in each space, referred to as zonal measurements, shown in
figure 6.3.

Figure 6.3 Zonal temperatures and Tvm indicating high bedroom temperatures at peak
overheating periods while ground floor zones and Tvm are substantially lower. source: (Finegan,
2020)

At a threshold of 25°C, Tvm shows overheating for 1.25% of the test year using
measured on site data. The measurements which make up the Tvm values indicate a
broad variation in temperature due to orientation, location of each space within the
dwelling, the volume of each space, and user interaction within the spaces. Figure 6.3
indicates the variation in zonal temperatures and mean indoor temperature from March
to October. The graph of temperature fluctuations is confined to between March and
October, as the first and last occurrences of overheating occur in March and October,
respectively. The peak temperature in Bedroom 2, exceeds the Tvm temperature by more
than 2.5°C in June and by more than 3°C in March.
Based on figure 6.3, overheating is not restricted to the traditional summer
months of June, July and August, and it is not consistent in the various zones.
Overheating (>25°C) is experienced in bedroom 2 as early as March and as late as
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October. This indicates a significant difference between measured overheating patterns
within the different zones of the dwelling.
The Tvm calculation presented earlier in this chapter indicates that the
temperature exceeds 25°C on 13 days. When measured zonally the temperature in
Bedroom 2 exceeds 25°C on 69 days within the test year. The Living Space, Lounge and
Entrance zones experience much lower occurrences of overheating on 10 days, 11 days,
and 11 days, respectively. As these three spaces represent a much greater volume within
the dwelling, to that of the three bedrooms on the first floor, this creates a scenario
whereby overheating in bedrooms is cancelled out for most of the year in the simulation,
due to the implementation of an average indoor temperature within PHPP, similar to
the Tvm calculation.
All bedrooms are located directly above the open plan living space. A thermal
resistance of 0.813m2K/W (u-value 1.23W/m2K) which is calculated for the intermediate
floor, allows heat energy to transfer upward to the bedroom spaces with relative ease.
This thermal transfer to bedrooms could be reduced by increasing the thermal
resistance of interior separating elements. The most predominant periods for
overheating are observed during the late afternoon and evening hours, from 4pm to
8pm.

Figure 6.4 number of days where measured temperatures exceed 25°C on a zonal basis.
source: (Finegan, 2020)
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The living spaces experience lower occurrences of overheating compared to the
bedroom spaces. As illustrated in Figure 6.4, the master bedroom records 41 days one
which temperatures exceed 25°C, while bedroom 2, which is located centrally between
a master bedroom and bedroom 3, experiences 69 days on which overheating occurs.
Bedroom 3 experiences 34 days on which temperatures exceed 25°C. These zonal
overheating figures represent a significant difference from that of using an average
dwelling temperature. The patterns of zonal overheating observed also represent a
significant difference from that of the simulated overheating patterns, which suggest
that there should be 0 days on which temperatures exceed 25°C within the dwelling.
Even within zones where occupant interaction promotes cooling through natural
ventilation, the occurrences of overheating measured are in excess of the PHPP
simulations, for a typical summer. In zones such as bedrooms, which are unoccupied
during day-time hours, it is apparent that overheating is significantly increased due to
lower levels of user interaction to promote natural cooling in unoccupied spaces, and
due to these spaces being on the upper floor of the dwelling.
6.1.3 Zonal assessment for WHO recommendations
There is a much greater impact on occupant’s health where sleeping patterns are
impacted by overheating (Lan and Lian, 2016; Fujii et al., 2015), making bedroom zones
more critical zones for avoidance of overheating. The WHO recommends that
temperatures should not exceed 24°C for healthy living conditions and this is critical in
bedroom areas (Ormandy and Ezratty, 2012). Lan & Lian (2016) note that much more
research is required into appropriate sleeping temperatures as many thermal comfort
thresholds are based on daytime and living temperatures where occupants are awake
(Lan and Lian, 2016). As a result, overheating is also evaluated with a revised threshold
of 24°C. When the temperature threshold is reduced to 24°C there is a significant
increase in incidents of overheating throughout the dwelling. Although the simulated
average temperature is not predicted to rise above 24°C for more than eight days (7.67
representative simulated days), measured overheating in all spaces exceeds this by a
significant margin. Overheating is again prominent in bedroom 2, with temperatures
exceeding 24°C on 111 separate days , as illustrated in figure 6.5.
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Figure 6.5 number of days where measured temperatures exceed 24°C on a zonal basis.
source: (Finegan, 2020)

The number of days where overheating is experienced throughout the various
zones of the dwelling, is clearly at variance with the number of days where the average
temperature is deemed to represent overheating within the dwelling. The identified
difference between the simulated and measured readings, on a zonal basis, increases
further when the threshold for overheating is reduced to 24°C. Temperatures are shown
to exceed 24°C in all zones for a greater period than predicted by the simulation (see
figure 6.5). Furthermore, all three bedrooms exceed the 24°C threshold for a significant
periods during the year, beyond what may be anticipated through the implementation
of a single dwelling temperature.
6.1.4 Medium-term Analysis - Discussion
The use of monthly mean figures to generate climate data sets, which are
incorporated into the simulation of a space heat demand, have proven accurate under
EN 13790, as the heat demand of low energy buildings is predominantly based on longterm average temperatures. This is representative of the typical amount of energy
required to heat a dwelling across a typical year. The incorporation of long-term
averages to construct climate data sets to predict a space heat demand, is unlikely to
negatively impact an occupant’s health in a year experiencing short periods of extreme
winter conditions. The design of a Passivhaus or nZEB dwelling predominantly aims to
maximise solar gain and retain heat for longer periods to that of a typical dwelling,
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providing conditions where the impact of extreme winter conditions are minimised.
Heating systems are then designed to combat low temperature periods. Based on this
research, the same cannot be said for using long-term average climate data to predict
overheating patterns. As the measured data indicates, the use of a typical climate data
set underestimates the likelihood of overheating by a significant margin. As Passivhaus
or nZEB dwellings are designed to retain heat for longer periods and optimise solar gain,
an underestimation in terms of simulated overheating may result in the omission of
effective overheating mitigation strategies or cooling strategies at design stage. The
measured temperatures in this study are not indicative of an extreme summer in the
context of an Irish dwelling, yet the difference between the simulated and measured
overheating patterns are significant. Considering Ireland is located in a Cfb climatic zone,
as designated under the Kopen-Geiger climate classifications (De Carli et al., 2018),
where overheating is not historically perceived to be a primary concern for designers,
this climate data issue may be exacerbated in regions experiencing hot summers, such
as Cfa and Csa classified climate zones (De Carli et al., 2018). It is also important to
consider that these designated climatic zones are in a state of flux, due to the impacts
of climate change, which may see Cfb climates transition to Cfa and Csa climate zones
within the lifetime of newly constructed dwellings.
Given the potential for overheating to impact the health and wellbeing of
occupant’s, there is a necessity to ensure that overheating calculations include a
simulation for; extreme periods during a typical summer, extreme periods during an
extreme summer, and short-term trends which extend to the shoulder seasons.
Furthermore, where overheating mitigation strategies are not fully effective, there may
be a necessity to create a thermal separation between bedrooms and living spaces,
particularly where bedrooms are located above occupied living spaces, where heat
energy accumulates throughout the day. The natural buoyancy of warm air creates
increased thermal transfer to spaces above, and in turn promotes increased overheating
at high level within a building. Increasing the thermal resistance of separating floors in
this instance, will slow the transfer of heat from spaces below bedrooms. In this instance
adding typical mineral fibre insulation, with a thermal conductivity of 0.042W/mK,
between the standard 225x44mm softwood floor joists (at 400mm centres), would
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increase the thermal resistance from 0.813m2K/W (u-value 1.23W/m2K) to 4.80m2K/W
(u-value 0.21W/m2K). This would result in a floor which resists the transition of heat
between the living space and bedrooms by a rate of 5.9 times that of an uninsulated
floor.
Based on IPCC climate change predictions it is highly likely that an extreme
summer which is experienced in the next decade will become a typical summer by 2040,
and beyond (Tham et al., 2011). The prospect of designing a dwelling with an anticipated
80 year lifespan and beyond, while basing the design of overheating mitigation
strategies on meteorological data which represents a long-term historic average, which
could date back to 1981, is proving a flawed methodology. Significant variations
between simulated and measured performances are apparent in this study. Extreme
overheating, by its very definition, is the occurrence of extreme indoor temperatures as
a result of extreme summer conditions, yet average monthly climate data is used to
predict these occurrences. This, coupled with the fact that there is no legislative
requirement to simulate overheating potential for many dwellings in Europe, may
require retrofit overheating solutions to be applied to a large quantity dwellings, as
temperatures continue to rise. If simulations are to be more accurate, an approach
which is more representative of extreme future conditions may be more appropriate, as
the use of long-term historic averages is not a prediction of overheating, but a
replication of a typical past scenario.
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6.2

Long-term analysis – The impact of climate change on overheating

6.2.1 Development of climate data sets for simulation
Climate data sets are generated for a range of periods and scenarios using
Meteonorm Software version 7.1.11. This software package relies on international
meteorological data available from various meteorological offices across the globe. It
also incorporates IPCC predictions for climate change scenarios of;
•

IPCC B1,

•

IPCC A1B

•

IPCC A2
Although the above SRES scenarios have been superseded by IPCC RCP scenarios,

accurate climate data sets are not yet available for the PHPP simulation, in RCP format.
The SRES scenarios above are also found to broadly align with the new RCP scenarios as
outlined in the previous chapter. The initial stage of the simulation identifies the
overheating pattern for the test dwelling using a climate data set for Cork Airport,
Ireland, which is approved by the International Passive House Association for PHPP
simulations. As the Cork Airport data is shown to simulate a 0.00% overheating
frequency earlier in this chapter, a site specific data set is generated to determine the
variation. The long-term site specific data set, identifies overheating frequency of 1.2%
for the test dwelling, using a typical and current data set for the site, generated within
Meteonorm.
The site specific data set assists in identifying variations in the simulation, due to
microclimatic variations such as site altitude, and the impacts of reduced solar radiation
due to local horizon, which is impacted by local topography. This is achieved through
incorporating a custom horizon, based on NASA satellite data for local terrain
surrounding the building. The horizon to the south east of the dwelling is identified as
being higher than the Cork Airport horizon, which reduces solar gain, particularly in the
winter months. As Cork Airport is located at a higher altitude to that of the test site in
Douglas, at altitudes of 103m and 13m respectively, the interpolated data set provides
a more robust starting point for the simulation of overheating. Although the altitude of
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the site can be manually changed, while using any dataset, this merely allows for
variations to temperatures. The site specific climate data set utilises the most current
climate data available for the location, with historic temperature data from 2000-2009
incorporated, and solar radiation data from 1991-2010 incorporated.
Site specific climate data sets are then generated in Meteonorm software, for
IPCC climate change scenarios B1, A1B and A2, for periods with median years; 2020,
2030, 2040, 2050, 2060, 2070, 2080, 2090 and 2100. A final climate data set is generated
for a single year in 2016, based on measured meteorological data recorded as part of
this research, to identify any variation in 2016 data when compared to the typical site
specific analysis, which is generated from each of the climate change scenarios.
6.2.2 PHPP simulations for future climate data sets
Each of the climate data sets is imported into PHPP, while the variation in
overheating frequency is extracted, for each decade, for all three IPCC scenarios. The
generated climate data sets are produced in HTML format requiring manual import of
each dataset. Using each data set, a simulated overheating percentage for each period
is generated, for all three climate change scenarios.

Figure 6.6 PHPP climate data sheet indicating example of data set for a site specific IPCC A1B
scenario for the year 2100, after import to PHPP. source: (Finegan, 2020)

The fixed overheating frequency values obtained from PHPP are logged in a
separate spreadsheet with values from 2020 to 2100 logged in chronological order,
referred to with the prefix ‘SS’ for ‘site specific’. This is then followed by the IPCC
scenario and year ie. ‘SS-B1-2040’ for ‘Site Specific B1 scenario for 2040’.
As all of the above are simulated data sets, a comparison is required with onsite
conditions during the test year. For the purposes of this, the outdoor temperature data
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and solar radiation data for the test year are imported to Meteonorm to produce a single
year climate data set, to determine if the test year falls in line with any of the climate
change trends. As the measurement year is 2016-2017, the simulation of overheating
frequency for this year is two tier, to carry out this for comparison as follows:
1. Overheating frequency is derived from a 2016-2017 interpolated overheating
frequency value, within the period of 2000 to 2020 (explained below)
2. Overheating frequency for 2016-2017, is also simulated based on a climate data
set built from site measurements, to include recordings for outdoor ambient
temperature, measured every six minutes for a 365 day year, and solar radiation
figures, measured every minute for 365 days. Importing this measured data to
Meteonorm allows for a condensed climate data set to be produced, suitable
for import to PHPP for the test year.

The use of an interpolated overheating frequency, in scenario one above, is
based on the interpolated overheating frequency, from the initial site specific climate
data set, and the 2020 predicted overheating frequency. The site-specific climate data
set without any IPCC adjustments is used for a typical overheating frequency calculation.
This data set uses monthly averages for modelled solar radiation, based on monthly
figures for the period of 1991 to 2010. These are then averaged by month to create a
single average solar radiation figure for each month, thereby considered to represent a
‘typical year’. Solar radiation is the primary cause of overheating. Analysis of climate
change trends, show incremental year on year increases in solar radiation from 1991
(Tham et al., 2011). It is therefore considered that the median year for the 1991-2010
period, is more representative of a typical summer in the year 2000 (the median year).
For the purposes of the statistical analysis, the typical overheating frequency resulting
from the use of a standard site specific climate data set, is therefore attributed to
overheating frequency for the year 2000. The simulated overheating percentage for
2016-2017, is then interpolated for each IPCC scenario using 2000 as the starting year
for each trend, and 2020 as the next available year to interpolate the 2016 overheating
frequency, using the following formula:
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𝑂𝑂𝑂𝑂20 − 𝑂𝑂𝑂𝑂00
�
𝑂𝑂𝑂𝑂16 = 𝑂𝑂𝑂𝑂00 + 16 �
20

Where:

OF16 = Overheating frequency for year 2016

OF00 = Overheating frequency simulated for year 2000

OF20 = Overheating frequency simulated for year 2020
The overheating frequencies extracted from PHPP are included in a single
spreadsheet for evaluation, and are shown in Table 6.3 below.
Overheating Frequency by Year (%)
IPCC Scenario

2000

2016

2020

2030

2040

2050

2060

2070

2080

2090

2100

SS B1

1.20%

2.64%

3.00%

2.90%

4.00%

4.20%

4.90%

5.00%

6.10%

5.70%

6.10%

SS A1B

1.20%

2.56%

2.90%

3.60%

4.30%

5.40%

6.30%

7.40%

9.00%

9.50%

9.90%

SS A2

1.20%

2.40%

2.70%

3.20%

4.10%

5.20%

6.30%

8.00%

10.60%

11.80%

11.80%

Table 6.3 Simulated overheating frequencies from 2000 to 2100 under IPCC climate change
scenarios. source: (Finegan, 2020)

6.2.3 Statistical analysis of future cast overheating patterns
The overheating frequencies for the PHPP analyses under IPCC climate change
scenarios B1, A1B and A2 are exported to IBM SPSS Statistics Version 25, as three
separate data sets, representing each of the three scenarios. These data sets are tested
for normality, and all three data sets are determined to be normally distributed with
each demonstrating a skewness of between -1 and 1. The Shapiro Wilk test for normality
demonstrates P-values of 0.557, 0.539 and 0.191, for Scenarios B1, A1B and A2
respectively.
A correlation analysis between test year and overheating frequency results in Pvalues of less than 0.001 for all data sets, demonstrating that there is a statistically
significant relationship between increases in climate change by decade, and increases in
overheating. The Pearson correlation values for B1, A1B and A2 are calculated at 0.974,
0.995 and 0.980 respectively, as demonstrated in table 6.4.
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Correlations

Increase in overheating
Pearson Correlation
frequency(Site specific_IPCC
scenario B1)
Increase in overheating frequency Pearson Correlation
(Site Specific_IPCC scenario A1B)
Increase in overheating frequency Pearson Correlation
(Site Specific_IPCC scenario A2)
**. Correlation is significant at the 0.01 level (2-tailed).

Increase in Year
(associated to
climate change
data sets)
.974**
.995**
.980**

Table 6.4 Pearson correlation between year and overheating frequency indicating a high
correlation between increase in overheating frequency and increase in year. source: (Finegan,
2020)

All three data sets are modelled to determine the best fit regression model for
the data. A linear regression model is deemed unfit for purpose, as the overheating
frequency is a percentage, which is a finite series, and any of the three trends will peak,
and plateau over time. The initial analysis of the data identifies the best fit trend lines
as being polynomial. Each regression model is defined by a quadratic equation, while
clear trends are observable across all three climate change scenarios, as defined in
figures 6.7, 6.8 and 6.9. Although modelled data in SPSS is accurately represented, the
line equations, which are pivotal in the next stage of the research, are deemed to suffer
from significant rounding errors when exported. This results in calculation errors when
the equations are used to generated predicted values. Microsoft excel graphs are
included for figures 6.7 to 6.9, as opposed to SPSS, to maintain consistency with later
graphs, while the trend line values are represented to a greater number of decimal
places in Excel.
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Figure 6.7 Scatter plot with polynomial (quadratic) trend line, mapping overheating frequency for
the test dwelling under IPCC site specific (SS) scenario B1. source: (Finegan, 2020)

The initial site-specific future simulation under scenario B1 results in an upward
trend in overheating frequency. From the year 2000 through to 2100, overheating
frequency increases from 1.2% to approximately 6.1%. The R2 value for the trend line is
0.971. The trend identifies significant increases in overheating over the 2020 to 2060
period, which continues to increase until 2100, with a slow decline in growth towards
2100. The equation for this trend line is pivotal in the next stage of the long-term
analysis.

156

12.00
SS A1B

Poly. (SS A1B)

OVERHEATING FREQUENCY (%)

10.00

9.00

9.50

9.90

R² = 0.991
7.40

8.00
6.30
5.40

6.00
4.30
3.60

4.00

2.90
2.56

2.00 1.20

0.00
2000

2010

2020

2030

2040

2050

2060

2070

2080

2090

2100

YEAR

Figure 6.8 Scatter plot with polynomial (quadratic) trend line, mapping overheating frequency for
the test dwelling under IPCC site specific (SS) scenario A1B. source: (Finegan, 2020)

Under scenario A1B, there is an observed upward trend in overheating from the
year 2000 through to 2100, from 1.2% overheating up to approximately 9.9%
overheating. The R2 value for the trend line is 0.991. Within existing research, this
scenario is the most referenced scenario as this has the highest probability of occurring.
The trend in overheating identifies significant increases in overheating over the period
of 2020 to 2100. A decline in growth toward the year 2100 is less apparent to that of the
B1 scenario. As overheating frequency is represented by a percentage of the year, a
decline will be evident in this trend at some point. As climate data is not available
beyond 2100, a clear indication of when the decline seen in B1 is likely to occur, under
the A1B scenario, cannot yet be determined. The significant increase in overheating
frequency, coupled with the inaccuracies found in the percentage methods and average
dwelling temperature method, will result in substantial periods of overheating within
the lifetime of all new dwellings.
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Figure 6.9 Scatter plot with polynomial (quadratic) trend line, mapping overheating frequency for
the test dwelling under IPCC site specific (SS) scenario A2. source: (Finegan, 2020)

Under scenario A2, there is an observed upward trend in overheating from the
year 2000 through to 2100, trending from 1.2% overheating up to approximately 11.8%
overheating. The R2 value for the line is 0.980. Under IPCC climate change predictions,
this scenario is a high emissions scenario, and may be triggered by increased emissions
to meet growing populations, and growing demands for energy. Current evidence
suggests that this scenario has a moderate probability of becoming a reality. There is a
continued incline in growth toward 2100, as opposed to the decline observed under the
B1 scenario. This may result in excessive overheating patterns in nZEB dwellings toward
the end of this century, with little evidence to suggest that this trend will decline this
century.
Under all three scenarios there is a clear correlation between climate change and
increased overheating frequency in the test dwelling. There is also a clear upward trend
in predicted overheating frequency within this century. This trend is likely to continue
beyond 2100 in all scenarios, with a decline in growth observed under the B1 scenario.
The A1B and A2 scenarios show no decline in growth towards 2100, indicating that
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substantial measures will be required beyond 2100 to reduce overheating. This process
has followed the recommendations of PHPP in applying a long-term average climate
data set, to simulate overheating frequency for the dwelling, while predicting
overheating across a number of decades. The initial data set represents average monthly
data across the period of 1990 to 2010. As demonstrated earlier in this chapter, the test
year is considered to align with a typical summer when compared to LTA figures. This is
explored further in the next section. The trend lines for all three scenarios above, have
R² values of 0.971, 0.991, and 0.980. These R² values mean that the trend lines are a
97.1%, 99.1% and 98% fit, in determining the trend in overheating as it aligns with each
respective climate change scenario.
6.2.4 Comparison of overheating based on site specific, and single year data
The above long-term analysis is based on an LTA climate data set for the specific
site, which is an approved method of predicting the performance of a dwelling in PHPP
analysis. For comparison, the 2016-2017 data set generated from site specific
measurements of temperature and solar radiation, is imported to PHPP, resulting in an
overheating frequency simulation of 8.10% for the test year. This is compared to each
scenario in Table 6.5. It is important to note, that no other changes to the PHPP
assessment are incorporated in this simulation, and all ventilation requirements are as
per the standardised assumptions, in all other simulations for the SS scenarios. Scenarios
based on measured climate data, taken on site are designated the prefix ‘CC’ for custom
climate.
Overheating Frequency by Year (%)
IPCC Scenario

2000

2016

2020

2030

2040

2050

2060

2070

2080

2090

2100

SS-B1

1.20%

2.64%

3.00%

2.90%

4.00%

4.20%

4.90%

5.00%

6.10%

5.70%

6.10%

SS-A1B

1.20%

2.56%

2.90%

3.60%

4.30%

5.40%

6.30%

7.40%

9.00%

9.50%

9.90%

SS-A2

1.20%

2.40%

2.70%

3.20%

4.10%

5.20%

6.30%

8.00%

10.60%

11.80%

11.80%

CC-2016

8.10%

Table 6.5 Simulated overheating frequencies from 2000 to 2100 under IPCC climate change
scenarios, with additional single year data for comparison. source: (Finegan, 2020)

Table 6.5 demonstrates that an overheating simulation for 2016-2017 (CC),
following the same methodology as the standard PHPP scenarios used in all other SS
simulations, would result in a far greater anticipated level of overheating in the test
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dwelling. The simulation of overheating using the CC data, highlights the inconsistencies
in using long-term average climate data sets to simulate overheating frequency. The
summer of 2016 was considered to be broadly in line with LTA climate data. The main
issue observed is in the averaging of extreme periods, which happen during every
summer at a different point in time. For instance, the most extreme period in the
summer of 2016 resulted in the largest quantity of overheating occurring in early June.
If this extreme period is a different month each year, the extreme periods in any given
year are averaged with lesser extremes for the same month in different years. This
misrepresents the impact of overheating, which in itself is an extreme event, which is
typically aligned with extreme weather periods. If the peak of these extreme weather
periods is reduced through averaging over a number of years, the annual peak in
overheating frequency will also be reduced in tandem. In line with CIBSE
recommendations, the 2016 data is more representative of a DSY data set, as it reflects
the exact events of a single ‘summer year’, albeit an average summer, as determined
through examination of weather patterns for the test year. A more extreme summer
would result in more extreme overheating, and it is recommended that such a
simulation is also run, alongside the typical summer. This research is focused on typical
summer overheating, in line with the data for the test year.
In order to determine how a single typical year, similar to that of 2016, might be
impacted by climate change, the trend lines for each climate change scenario in previous
sections are analysed. The equation for each trend line under each SS scenario is
extracted, to be applied to a custom climate (CC) scenario, to determine an adjusted
future overheating scenario for predicted CC years. The purpose of this calculation is to
determine the effect of long-term climate data sets on overheating, by using the same
simulation, but merely changing the climate data set to align with a DSY data set. In this
instance the DSY data set utilises specific measured data from the outdoor temperature
sensor and pyranometer installed on site during the test period. The trend line equations
from the SS models previously mentioned, are demonstrated to contain rounding errors
in SPSS, providing invalid outputs values for y values, and the models are therefore
produced in Microsoft Excel. The observable trends in SPSS and Excel are equal. The
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original formulae, which are used for future-cast overheating frequency in the previous
section of this chapter, provide trend line equations as follows:
SS-B1:
𝑦𝑦 = −0.00026𝑥𝑥² + 0.074106𝑥𝑥 + 1.327569*

SS-A1B:
𝑦𝑦 = 0.000095𝑥𝑥 2 + 0.082547𝑥𝑥 + 1.135709 *

SS-A2:
𝑦𝑦 = 0.000591𝑥𝑥 2 + 0.057268𝑥𝑥 + 1.148301*

Where,

𝑦𝑦 = Overheating frequency

𝑥𝑥 = the year of each given climate change scenario

*For the purpose of the equations each year is abbreviated to double digits eg. 2020 is
included as 20, 2030 is included as 30, and so on. This simplifies the formulae, and
reduces the need for each formula to utilise multiple decimals places.

The initial series of SS scenarios, have an overheating frequency of 2.64% for
2016, while the CC overheating frequency is 8.10% for 2016. Incorporating the trend line
formulae from the SS-B1, SS-A1B, and SS-A2 trend lines, while adjusting to the CC
scenario, and adding similar decade on decade proportional increases, the new formula
is developed to generate equations for CC-B1, CC-A1B and CC-A2 data series, using the
following formulae:
CC-B1:
𝑦𝑦 = (−0.00026𝑥𝑥² + 0.074106𝑥𝑥 + 1.327569) + (𝑦𝑦2 − 𝑦𝑦1 (𝑦𝑦3/𝑦𝑦1))*
CC-A1B:
𝑦𝑦 = (0.000095𝑥𝑥 2 + 0.082547𝑥𝑥 + 1.135709) + (𝑦𝑦2 − 𝑦𝑦1 (𝑦𝑦3/𝑦𝑦1))*

CC-A2:
𝑦𝑦 = (0.000591𝑥𝑥 2 + 0.057268𝑥𝑥 + 1.148301) + (𝑦𝑦2 − 𝑦𝑦1 (𝑦𝑦3/𝑦𝑦1)) *
Where,

𝑦𝑦 = Overheating frequency for any CC decade
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𝑥𝑥 = each IPCC decade between 2000 and 2100,

𝑦𝑦1 = The overheating frequency in the SS series, from the previous decade to

which the current CC value (𝑦𝑦) is required

𝑦𝑦2 = The overheating frequency in the CC series, from the previous decade to

which the current CC value (𝑦𝑦) is required

𝑦𝑦3 = The overheating frequency in the SS series, from the same decade for

which the CC value (𝑦𝑦) is required

*For the purpose of the equations each year is abbreviated to double digits eg.

2020 is included as 20, 2030 is included as 30, and so on. This simplifies the formulae,
and reduces the need for each formula to utilise multiple decimals places
The above formulae account for the variation between any given CC year and SS
year. The proportional increase seen in the SS series of data, observed on a decade by
decade basis, is included in the formula, resulting in increases in estimated overheating
frequency for the CC scenario as indicated in Table 6.6 and figures 6.10, 6.11 & 6.12. A
graphical depiction of the adjusted CC formulae is provided alongside the Appendix A
datasets.
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Overheating Frequency by Year (%)
IPCC
Scenario
SS-B1

2000

2016

2020

2030

2040

2050

2060

2070

2080

2090

2100

1.20%

2.64%

3.00%

2.90%

4.00%

4.20%

4.90%

5.00%

6.10%

5.70%

6.10%

SS-A1B

1.20%

2.56%

2.90%

3.60%

4.30%

5.40%

6.30%

7.40%

9.00%

9.50%

9.90%

SS-A2

1.20%

2.40%

2.70%

3.20%

4.10%

5.20%

6.30%

8.00%

10.60%

11.80%

11.80%

CC-B1

8.10%

8.91%

9.03%

12.33%

13.13%

15.25%

15.80%

18.77%

17.73%

19.00%

CC-A1B

8.10%

9.10%

11.39%

13.90%

17.56%

20.61%

24.19%

28.77%

30.20%

31.91%

CC-A2

8.10%

8.94%

10.80%

14.12%

18.19%

22.45%

28.56%

36.75%

40.20%

41.18%

Table 6.6 Simulated overheating frequencies from 2000 to 2100 under IPCC climate change
scenarios, for both site specific (SS) and custom climate (CC) datasets. source: (Finegan, 2020)
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Figure 6.10 Scatter plot with polynomial (quadratic) trend lines, mapping overheating frequency
for the test dwelling under IPCC site specific (SS) & custom climate (CC) scenario B1. source:
(Finegan, 2020)

Under IPCC scenario B1, using the CC climate data set, the growth in overheating
as a result of climate change is significantly greater than the SS-B1 scenario, as illustrated
in Figure 6.13. Following a similar trend, while applying the proportional increases seen
in the SS-B1 scenario, the CC-B1 scenario shows an increase in overheating to 19.00% by
2100. This demonstrates the uncertainty while applying LTA climate data sets, and in
identifying future trends in overheating as a result of climate change. The margin of
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error may initially appear low for a typical year, but this error is compounded, decade
on decade. The simulation fails the PHPP requirements for exceedance of overheating
frequency by 2040, in a low emissions scenario. The use of LTA climate data, when
compared with a single year data set, shows overheating of greater than three times
that of the LTA data set, in a low emissions scenario. In order to validate the probability
of 19% overheating frequency in the test dwelling, using PHPP, a comparison between
various Northern European locations developed, using current LTA climate data sets for
these locations. These locations are in the same Cfb climate as Ireland, but may
experience mildly warmer summers under current climate conditions, which may mimic
a Cork climate in a low emissions scenario, toward the end of this century. Table 6.7
highlights these comparisons. The building altitude is maintained at 13m, to match the
site altitude, in all scenarios, for consistency.
Location and scenario
Cork Airport (current PHPP dataset)
Cork CC – (year:2016)
Cork CC-B1 – (year:2100)
Exeter, UK (current PHPP dataset)
Ostend, Belgium (current PHPP dataset)
London, Gatwick (current PHPP dataset)

Overheating frequency
0.00%
8.10%
19.00%
11.8%
11.7%
13.4%

Table 6.7 Simulated overheating frequencies for original Cork Airport data set, Test dwelling
custom climate (CC) year, B1-CC simulation for 2100, and three PHPP defined ‘Western
European’ locations within a similar climate region to Ireland. source: (Finegan, 2020)

The simulated overheating frequencies in the table 6.7 demonstrate the impact
of variations in overheating frequency for locations within a similar latitude and
European region as the test dwelling. All locations are within 250km latitude of the test
dwelling. These overheating frequencies are based on LTA climate data. Based on
analysis of the test dwelling a simulation in these alternative locations, using a single
year of data, would have a high probability of resulting in an overheating frequency,
which is substantially higher than the figures in table 6.7. These locations would be
indicative of how a low emissions scenario may influence Cork weather patterns and
overheating frequency. This highlights that 19.00% overheating frequency in a low
emissions scenario in Ireland, by 2100, is feasible.
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Figure 6.11 Scatter plot with polynomial (quadratic) trend lines, mapping overheating frequency
for the test dwelling under IPCC site specific (SS) & custom climate (CC) scenario A1B. source:
(Finegan, 2020)

Under the A1B, medium emissions scenario, the CC overheating frequency
increases to 31.91% by 2100, following the trend from the SS-A1B series. This
demonstrates the impact of a medium emissions scenario on simulations in PHPP, where
a single year data set is applied. Although the LTA data set appears to be compliant with
PHPP overheating frequency requirements, exceedance of PHPP requirements for
overheating frequency is apparent before 2030. IPCC medium emissions scenarios are
currently the most likely anticipated outcome, making this simulation highly significant.
In order to validate the 31.91% overheating frequency in the CC-A1B 2100 scenario, a
series of locations in Europe are selected, which may closely align with a Cork climate in
2100, in a medium emissions scenario. This scenario will see the Cork climate change
classification change from Cfb to Cfa or Csb climate, from 2100 onward, which will align
with summer time climates in warmer regions of Europe, such as southern France.

Location and scenario

Overheating frequency
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Cork Airport (current PHPP dataset)
Cork CC – (year:2016)
Cork CC-B1 – (year:2100)
Nantes, France (current PHPP dataset)
La Rochelle, France (current PHPP dataset)
Bordeaux, France (current PHPP dataset)

0.00%
8.10%
31.91%
25.8%
35.8%
30.3%

Table 6.8 Simulated overheating frequencies for original Cork Airport data set, Test dwelling
custom climate (CC) year, A1B-CC simulation for 2100, and three PHPP defined ‘France’
coastal or close to coastal locations, on the Atlantic coast within a Cfb. source: (Finegan, 2020)

Table 6.8 includes the simulated overheating frequencies for three locations in
France, with weather patterns which align with year 2100, A1B, Cork weather patterns.
All of these locations are strategically selected as coastal locations, or near coastal
locations (within 50km of the ocean), to include for the impact of ocean breezes on
overheating, similar to Cork. They are listed from North to South in Table 6.8 and are all
on the Atlantic coast of France. These overheating frequencies are based on LTA climate
data, using the same dwelling model, with no changes to the dwellings PHPP data,
except for the climate data. All locations are based on LTA climate data, while using a
single year of data would have a high probability of resulting in an overheating frequency
which is substantially higher. These locations would be indicative of how a medium
emissions scenario may impact Cork weather patterns, and overheating frequency. The
overheating frequencies in these locations closely align with the increased overheating
observed in the CC-A1B scenario for 2100.
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Figure 6.12 Scatter plot with polynomial (quadratic) trend lines, mapping overheating frequency
for the test dwelling under IPCC site specific (SS) & custom climate (CC) scenario A2. source:
(Finegan, 2020)

For the high emissions scenario of A2, the overheating frequency is anticipated
to reach 41.18% by 2100. This scenario also demonstrates that the dwelling will exceed
the maximum allowable PHPP overheating frequency before 2030, although it is
currently below the threshold. The high emissions scenario, while using the LTA climate
data sets, does not predict the 10% overheating threshold will be breached until 2080.
The single year data, gathered in 2016, provides a much broader variation under a high
emissions scenario, when the CC-A2 trend is reviewed for the remainder of this century.
Under a high emissions scenario, the climate in Cork will transition to a Csa or Csb
climate at a more rapid rate to that of the A1B scenario.
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Location and scenario
Cork Airport (current PHPP dataset)
Cork CC – (year:2016)
Cork CC-A2 – (year:2100)
Porto, Portugal (current PHPP dataset)
Marseille, France (current PHPP dataset)

Overheating frequency
0.00%
8.10%
41.18%
45.6%
44.6%

Table 6.9 Simulated overheating frequencies for original Cork Airport data set, Test dwelling
custom climate (CC) year, CC-A2 simulation for 2100, and 2 PHPP climates in Csa locations.
source: (Finegan, 2020)

Simulated overheating in Marseille, southern France, and Porto, Portugal, are
shown in Table 6.9. Weather patterns, under high emissions scenario, by 2100 in Cork,
are predicted to align with these weather patterns. Porto has a much milder climate to
the rest of Portugal, with highs typically in the 24°C-26°C range, and rarely exceeding
30°C. The overheating frequency for the test dwelling in Porto reaches 45.6% in a typical
year. This is a coastal location, benefitting from the impact of Atlantic ocean breezes,
similar to Cork. The Marseille and Porto overheating frequencies are based on current
LTA climate data, using the same dwelling model, with no changes to the dwelling’s
PHPP data, except the climate data. These locations would be indicative of how a high
emissions scenario may impact Cork weather patterns, and overheating frequency. This
scenario has a lower likelihood of occurring, when compared with the A1B scenario. The
overheating frequencies in these locations closely align with the increased overheating
observed in the CC-B1 scenario for 2100, highlighting that it is plausible for the same
dwelling to overheat to this level in a warmer climate.
To summarise all three IPCC scenarios, the use of LTA data sets to demonstrate
how overheating frequency will increase in Ireland this century, provides a much lower
estimate than using a standard year of climate data. The year in which this study was
undertaken was a typical year, where a heat wave did not occur. Although the use of
single year data will vary from LTA data, the magnitude of the variation clearly becomes
compounded over time, when adjusting these data sets to account for the impacts of
climate change. Predictions based on climate modelling indicate that Ireland and the UK
will slowly transition to Csa and Cfa climates in the latter parts of this century, or early
part of next century, at the latest. Simulation of overheating frequency, while using
futurecast data sets, which are generated through adjustments to current LTA data, is
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not an accurate representation of how climate change will impact overheating in
dwellings. The trends in overheating, which are observed through the application of LTA
data (SS series), appear to be reasonably accurate, in terms of the trendal increases,
albeit of a conservative nature in terms of the actual readings. When the same trend is
applied to the CC data series, to define growth figures for a typical measured year, this
eliminates the averaging of year on year monthly extremes, resulting in substantially
increased future overheating frequency.
6.3 Conclusion
The comparative analysis of overheating in the test dwelling, identifies that when
overheating within multiple zones is assessed, various dwelling zones overheat to a far
greater extent than is predicted by PHPP simulations. Although the test year is deemed
a typical summer year, when compared to Met Éireann LTA figures, PHPP simulated
overheating frequency of 0.00% is demonstrated to be underestimated in the context
of the test dwelling. Overheating on a zonal basis is found to be excessive in the first
floor bedroom zones, when compared to the dwelling average method, which is used
within a PHPP assessment. Evidence to demonstrate heathy sleeping temperatures for
typical occupants of dwellings is scarce, however WHO point toward healthy operational
temperature limits of 24°C, which must be considered as an absolute maximum
threshold for bedroom zones.
The long-term analysis provides a simulation under three IPCC scenarios,
demonstrating that PHPP simulated overheating for the dwelling will rise under all IPCC
climate change scenarios. It is critical that dwellings are designed to consider the impacts
of climate change through the implementation of future climate data, as has been
applied in this research. The current application of historic climate data sets is shown to
provide a glimpse into the past as opposed to predicting the overheating frequency
during the lifetime of new dwellings and their occupants.
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Chapter Seven
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Chapter Seven
Empirical analysis of daily and monthly overheating trends
7.0

Introduction
This chapter relies on empirical data gathered at the test dwelling and outlines

the analysis and findings from the short-term analysis of this data, defined as a crosssectional analysis. The cross-sectional analysis is presented in order to identify shortterm variations in overheating and to identify response mechanisms which may be
incorporated into building design to combat short-term overheating. The short-term
analysis also identifies correlations between the empirical data gathered at the test
dwelling, with a focus on mapping the correlation between solar radiation and indoor
temperature, which may inform a revised short-term simulation methodology. It is
envisaged that recommendations may be developed for enhancements to the existing
PHPP simulation methodologies, based on the combined analysis of the quantitative
investigation, which is found in both this and the preceding chapter.
7.1

Short-term analysis
The short-term analysis identifies individual days where overheating occurred in

the test dwelling, while identifying the time, outdoor temperature, and measured solar
radiation at the time of the occurrences of overheating. As PHPP sets a threshold for
overheating of 25°C, the standard threshold for overheating is defined within this
section as 25°C, for discussion purposes. The lower threshold recommended by WHO,
of 24°C, is included as a health based threshold. An upper threshold is not set in a PHPP
assessment, and CIBSE TM52 is therefore relied upon. This sets a variable threshold for
thermal comfort, which is discussed within this section in the context of the test
dwelling, however an upper threshold of 28°C is set, per CIBSE Guide A, for discussion
and comparative purposes. For the purposes of the analysis the occurrences of
overheating are categorised as follows:
1. Overheating: health threshold breached (HTB): This is a temperature threshold
of above 24°C, defined as the temperature threshold at which there is a potential
risk to the health of vulnerable occupants, defined by WHO
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2. Overheating: standard threshold breached (STB): This is any temperature of
between 25°C and 28°C, defined by PHI as ‘overheating’.
3. Overheating: upper threshold breached (UTB): This is any temperature above
28°C for which CIBSE TM52 states should not be exceeded for more than 1% of
a typical year
These threshold definitions were developed to categorise overheating frequency within
this research, and as a proposed method of representing short-term overheating in
future revised PHPP simulations.
7.1.1 Identification of days for analysis
As identified earlier in this chapter, overheating is experienced as early as March
and as late as October. Each month is analysed separately to identify the exact length of
each overheating occurrence, and the exact nature of overheating, to identify if
overheating is a HTB, STB or UTB occurrence. The short-term analysis identifies days in
each month to be analysed, while each is mapped on a radar graph to determine the
timing of the occurrences of overheating within a single day. Figure 7.1 provides a
sample of the radar graph, which is presented in 24 hour format for any given day. This
format is developed as part of this research to provide a visual aid to illustrate the extent
of overheating in any given day.
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Figure 7.1 Radar graph, used to identify occurrences of overheating on a day by day basis.
source: (Finegan, 2020)

The radar graph provides a visual method of identifying the hourly periods during
each day when overheating occurs, in order to analyse these periods alongside outdoor
meteorological measurements. The dwelling is broken down into various zones for
measurement. From the results of medium-term analysis, the Living space and Bedroom
2 become the focus of the short-term study, in order to focus the short-term analysis on
a single zone on each floor, where overheating was measured at its most extreme.
Appendix A includes independent graphs for each day for which overheating occurs in
each of the two spaces, however only the most extreme days are discussed in detail for
the short-term analysis.
7.1.2 March data analysis
Occurrences of overheating in March during the test year were rare, although
overheating did occur on a single day on 14th march. The remainder of the month
remained within the health temperature threshold as is indicated in figure 7.2. A
variation I temperature throughout the month is apparent between bedroom 2 and the
Living room. Living room temperatures are mor stable throughout the month, while
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temperatures in bedroom 2 are more prone to peaks on days of high solar. .radiation as
demonstrated in figure 7.2.

Figure 7.2 Radar graph to demonstrate the maximum daily temperature measured per day in
March 2016. source: (Finegan, 2020)

The first occurrence of overheating in the dwelling, is on 14th of March 2016. The
temperature in bedroom 2 fluctuate above 24°C for a short period between 15:00 and
18:00 hours, as demonstrated in Figure 7.3 and 7.4, with a peak hourly average
temperature of 25.8°C reached between the hours of 17:00hrs and 18:00hrs on 14th
March 2016.
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Figure 7.3 (left) and Figure 7.4 (right). Radar graph indicating the average hourly temperature
through each hour of the day on March 14th and 15th in bedroom 2. source: (Finegan, 2020)

The temperatures represented on the graphs are hourly averages where the
average of all temperatures in a particular hour are represented by the time at the start
of the hour (eg. All temperature readings between 17:00 and 17:59 are represented by
the average temperature at 17:00 on the graph). The maximum temperature achieved
in Bedroom 2 was 25.972°C at 17:29hrs on March 14th. The Living Area temperature
does not exceed 24°C on the same day, with a peak temperature of 23.38°C at 17:29hrs.
The suggested causes for overheating in bedroom 2, while not in the living area, are
summarised as follows:
1. Bedroom 2 is at high level, while heat from spaces below accumulates at high
level, increasing temperatures. This is evident through examining simultaneous
temperatures in the Master Bedroom and Bedroom 3 during a similar period.
The Master Bedroom peaks at 24.11°C at 17:29, while Bedroom 3 peaks at
23.98°C at 16:59. The Living room, on the ground floor below these three spaces,
peaks at 23.38°C.
2. Bedroom 2 is located centrally on the south west façade, with only one exposed
wall, reducing transmission heat loss through external façade elements during
the day. The Master Bedroom and Bedroom 3 have south east and North West
facing facades, as well as south east facing facades, increasing transmission heat
loss from these spaces, and lowering the temperature. The outdoor temperature
peaks at 11.16°C on March 14th.
175

3. The internal partition walls, and floors, to the ground floor spaces, have high
thermal mass, being constructed from concrete masonry, and dense reinforced
concrete respectively. The upper floor slab is a light weight timber joist structure,
and internal partitions are lightweight stud partitions. The high thermal mass on
the ground floor acts as a medium to absorb heat energy, thereby delaying
energy released to the space.
4. The living area is occupied during evening hours, while occupants will interact
with the space to increase natural ventilation. Unoccupied spaces may not have
the same interaction, particularly on a day when temperatures are reasonably
low at 11.16°C. Solar radiation is the key contributor to overheating on these
days, as demonstrated in Figure 7.16.

Figure 7.5 Simultaneous measurements of solar radiation, bedroom 2 temperature and living
room temperature on 14th March. source: (Finegan, 2020)

Although bedroom 2 exceeds 25°C for almost three hours on 14th March, as
demonstrated in figure 7.5, the temperature in the living space below bedroom 2 is
much lower and does not exceed 24°C for any period of time. This demonstrates the
impact of overheating on spaces at higher level within in a building, which are also
unoccupied during daytime hours, resulting in less user intervention to cool the space.
A sudden shift in temperature is seen in the Living room at approximately 15:00-16:00
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hrs. This is the result of occupants adapting the space based on their levels of thermal
comfort. Natural ventilation is shown to be very effective in curtailing overheating in the
occupied living space. The same is not true of bedroom 2 as the temperature continues
to rise in this unoccupied space.
The delay between the peak in solar radiation and overheating within the
bedroom 2 can be seen in figure 7.5, and is indicative of the impacts of thermal mass on
the ground floor. The thermal mass of the ground floor slab, and ground floor walls,
absorbs the short wave solar radiation which enters the space. The delay between the
thermally massive elements of the building absorbing and releasing the energy into the
space, is approximately three hours during the spring overheating occurrences.
There are a number of peaks and troughs observed in the solar radiation figures,
with maximum global solar radiation measured at 716W/m2 at 12:47, dropping to 248
W/m2 at 13:05, before rising again to hit peaks of 545 W/m2 at 13:11, and 667 W/m2 at
13:29. Although these peaks may be significantly lower than mid-summer peaks, their
impacts may be similar, as the solar azimuth and altitude are reduced in spring time,
when compared to summer. This results in more solar radiation striking the glass panes
at angles closer to 90°. The result is a higher quantity of solar radiation entering the
space during March, and less reflected solar radiation.
During the summer, although global solar radiation may be higher, the higher
altitude of the sun results in more reflected solar energy as the solar energy strikes the
glass panes at angles which are far greater than 90°. The g-value of the glazing in the
test dwelling is 0.51, meaning that a maximum of 51% of the total solar energy striking
the glazing will penetrate the internal space, measured at 90° to the glass. This
percentage reduces as the altitude of the sun increases. The glazing g-value for this
dwelling is not high, with triple glazed units capable of achieving values of up to 0.62.
The maximum quantity of energy entering the ground floor space, at peak solar
radiation, on the 14th of March, was 364W/m² (this is a theoretical assumption for
discussion only, based on the peak of 716W/m² striking the glazing at 90°, which will not
be the case in reality). This demonstrates the low quantity of solar energy required to
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stimulate overheating, in an air tight and well insulated envelope, when outdoor
temperatures do not exceed 11.2°C on the same day.
For the purposes of the research the total quantity of solar radiation can be
visually determined by the orange shaded region on each daily graph (eg. Figure 7.5).
This area aligns with the total quantity of solar energy available per metre squared
across a single day, however W/m2 is a measure of the solar intensity at any given
second, averaged per minute, and the total solar energy must be converted into units
(kJ/m2/day) of energy to quantify this over a longer period. This provides a metric to
determine how accumulated solar energy may impact indoor temperatures, alongside
the maximum and minimum solar radiation figures presented. The total quantity of solar
energy measured on 14th March 2016 was 1880.45kJ/m2/day (0.5223kWh/ m2/day) .
This is compared with total accumulated solar energy during summer time occurrences
of overheating, later in the document.
7.1.3 May data analysis
Indoor temperatures in April do not exceed 25°C, and the next occurrence of
overheating after March is on May 06th 2016. Occurrences of overheating in May are
much more frequent, with occurrences on 06th, 13th, 14th, 15th, 16th, 24th, 25th, 30th and
31st of May, in bedroom 2, while the Living room only exceeds 25°C on the 31st May, as
demonstrated in Figure 7.6.
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Figure 7.6 Radar graph to demonstrate the maximum daily temperature measured per day in
May 2016. source: (Finegan, 2020)

The average hourly temperature in the Living Area does not exceed 25°C at any
point during the month, but peaks at 24.9°C on 06th May, while the max temperature
achieved in the Living area is 2 25.75°C for a very brief period on 31st May. This
demonstrates that the occurrences of overheating in March, in Bedroom 2 alone, while
not in Living areas, is not an outlier. The hourly average temperature in Bedroom 2 on
06th May peaks at 24.9°C, similar to the Living space, as demonstrated in figures 7.7 and
7.8.
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Figure 7.7 (left) and Figure 7.8 (right). Radar graph indicating the average hourly temperature
through each hour of the day on 06th May, in Living Room and Bedroom 2. source: (Finegan,
2020)

These occurrence’s which exceed 24°C in early May are isolated occurrence’s,
however the remaining periods of overheating extend beyond a single day. Although
these occurrences are confined to the upper floor, the impact of overheating in
bedroom zones is highly significant. Figures 7.9 and 7.10 demonstrate the quantities of
overheating which are observed on 30th and 31st May in bedroom 2. Temperatures
exceed 24°C in bedroom 2 on 30th May from 12:00 to 00:00 on the following day, while
on 31st May the temperature in bedroom 2 does not drop below 24°C for the entire 24
hour period.

Figure 7.9 (left) and Figure 7.10 (right). Radar graph indicating the average hourly temperature
through each hour of the day on 30th& 31st May, Bedroom 2. source: (Finegan, 2020)
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The average hourly temperature in Bedroom 2 peaks at 27.4°C, at 18:00 on 31st
May. The impact of solar radiation is again apparent on 30th and 31st May, as
temperature extremes are reached a number of hours after the sun has reached its
maximum altitude. In May, the impact of thermal mass within the building appears to
be much lower. Storage of heat energy in thermal mass appears to be compounded day
on day, resulting in increased overheating where two or more consecutive days of high
levels of solar radiation are experienced.
The temperature extremes correlate with extended periods of high global solar
radiation readings. The majority of readings for solar radiation exceed 500W/m2 from
08:35hrs. Brief periods of cloud cover see solar radiation levels dip to 200W/m2 in the
morning and early afternoon. The vast majority of solar radiation readings are in the
range of 700W/m2 to 985W/m2, with a peak of 985W/m2 at 12:47hrs on 31st May. The
peak outdoor temperature on 31st May is 24.75°C, at 14:35hrs. The peak temperature
in bedroom 2 occurs at 17:53hrs, at a temperature of 27.518°C. Although the hourly
average temperature in the living room does not exceed 25°C, the peak temperature
reaches 25.040°C, at 17:35hrs. This highlights an approximate delay of 18-20 minutes
between peak temperature reached in the ground floor spaces and upper floor spaces.
The delay in peak indoor temperature, after peak solar radiation, is much longer in May,
than in March, as demonstrated in Figure 7.11. This is primarily due to an increased
duration of high solar radiation. The outdoor temperature is also higher, resulting in
lower heat losses from the building. The overheating period is also extended by a
significant margin on May 31st, as observed figures demonstrate overheating in
bedroom zones for an entire 24 hour period.
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Figure 7.11 Simultaneous measurements of global solar radiation, outdoor temperature,
bedroom 2 temperature and living room temperature on 31st May. source: (Finegan, 2020)

The most significant difference between March 14th and May 31st overheating
periods, is the difference in outdoor temperature. Although the peak outdoor
temperature is 13.5 °C higher on 31st May than on 14th March, the increase in peak
indoor temperature is only 1.54°C. This demonstrates that increased outdoor
temperature is not as significant as solar radiation.
There is also a significant difference in peak global solar radiation of 269W/m2,
while the period where high levels of solar radiation are experienced in May is
significantly longer. The occurrences of overheating in March and May indicate that
increased outdoor temperature has a lower impact on overheating, when compared to
the impact of prolonged periods of solar radiation. The total quantity of available solar
energy on site, as a result of solar radiation measurements taken on 31st May 2016, was
4573.84kJ/m2/day (1.2705kWh/m2/day). This is significantly higher than the previous
occurrence

of

overheating

on

14th

March,

where

1880.45kJ/m2/day

(0.5223kWh/m2/day) was recorded. This results in a more prolonged period of
overheating in May. This finding points toward increased solar radiation and reduced
cloud cover being of greater significance to that of rising temperatures, when assessing
the impacts of climate change on overheating. An increase in temperature will also
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reduce the capacity to cool a building using passive ventilation strategies; however,
increased temperature is less significant in triggering overheating, than increased
periods of high solar radiation.
The significant increase in outdoor temperature, which correlates with a much
lower increase in overheating, may point to the fact that increased insulation standards
are shielding the building from the impact of increased outdoor temperatures. Increased
solar radiation on the other hand, has a significant impact on the indoor temperature,
and the insulated envelope is shown to retain this heat energy overnight, as is seen in
bedroom 2 as outdoor temperature drops to 14.80 °C at 23:59, but the temperature in
bedroom 2 remains at 25.97°C. The impacts of overheating, in this instance could be
reduced through the introduction of shading devices, which are active during periods of
high solar radiation. The outdoor temperature is of lesser significance, as demonstrated
by the significant increase in outdoor temperature from March to May, which contrasts
the lower observed increase in indoor temperature.
7.1.4 June data analysis
June shows significant levels of overheating, for more extended periods to that
of the previous months. The living area experiences overheating from 01st June through
to the 07th June. During the same period overheating is experienced in bedroom 2,
however overheating is also experienced from the 07th June to 12th June in bedroom 2.
This demonstrates the impact of accumulated heat gain in zones within the first floor of
the building, as demonstrated in Figure 7.12 . Similarities between overheating in
previous months demonstrate that Bedroom 2 is consistently achieving a higher peak
temperature on days where overheating occurs.
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Figure 7.12 Radar graph to demonstrate the maximum daily temperature measured per day in
June 2016. source: (Finegan, 2020)

The peak hourly average temperature during the period of 01st to 07th June is
27.4°C in the living room, on 04th June, while a peak hourly average temperature of
29.5°C is experienced in bedroom 2 on 04th June, as seen in figures 7.13 and 7.14. This
variation of 2.1°C further demonstrates the increased impact of overheating in the
upper floor of the dwelling.
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Figure 7.13 and Figure 7.14 (right). Average hourly temperatures for living room and bedroom 2
respectively, on 04th June. source: (Finegan, 2020)

The impact of overheating in the living room is reduced through the
implementation of natural ventilation, which is triggered by the occupants within the
space at the time of overheating. Within the bedroom zones it is apparent that during
the same periods, an occupant reliant ventilation strategy, is not effective to promote
cooling. The upper floor is enclosed within the same insulated walls to the southwest,
however all other enclosing elements vary substantially in terms of thermal transfer.
The floor slab below the living area is an insulated ground bearing slab, with a u-value
of 0.117W/m2K. It contains a 150mm mass concrete slab above the insulation, with a
high thermal capacity, which absorbs heat energy from the space during the day time
hours. This provides thermal mass at ground floor level to absorb heat energy and slow
the overheating process at ground floor level. The floor to the upper floor is a lightweight
timber joist structure, without insulation, and with joists at 400mm centres. This floor is
also of low thermal mass, as 89% of the structural volume is made up of air pockets
between joists, which make up 11% of the structure. This results in heat transfer and
heat build-up in the spaces above the living space. The enclosing walls to the southeast,
northeast, and northwest on the upper floor, are lightweight timber stud construction,
with plasterboard finishes of low thermal capacity. These walls also have low thermal
mass, while the ground floor walls to the southeast, northeast, and northwest in the
living space are of high thermal mass, as they are constructed of concrete masonry, with
dense sand/cement and gypsum plaster. This results in very different reactions to solar
energy entering both spaces, due to the variation in enclosing elements.
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The variation in occupant behaviour between the ground floor and upper floor
spaces, along with variations in thermal mass of elements, and thermal transfer from
adjoining spaces, results in substantial differences in the extent of overheating. This is
evident as a result of the peak average hourly temperature, but also as a result of further
periods of overheating in bedroom 2 from 08th to 12th of June, and again on 21st, 22nd
and 29th of June, when overheating does not occur in the living area.
The significance of meteorological factors are again apparent throughout the
periods of overheating. Figure 7.15 indicates the simultaneous bedroom 2, living rooms
and outdoor temperatures, alongside global solar radiation readings on 04th of June
(shown as average per minute readings). Solar radiation peaks at 889W/m2, while the
outdoor temperature peaks at 23.744°C.

Figure 7.15 Simultaneous measurements of global solar radiation, outdoor temperature,
bedroom 2 temperature, and living room temperature on 04th June. source: (Finegan, 2020)

There is a clear correlation between increase in outdoor temperature and indoor
temperature, seen in Figure 7.15, between 13:00hrs and 18:00hrs. This correlation is
primarily a result of increased solar radiation, which heats both the building and the
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surrounding features, affecting the indoor temperature and outdoor temperature in a
similar way. The delay between peak solar radiation and peak temperature is apparent
in figure 7.15, as the solar energy striking the surfaces of the building and the earth is
absorbed and released as long wave energy. The total quantity of available solar energy
on site, as a result of solar radiation measurements taken on 04th June 2016, was
4877.36kJ/m2/day (1.3576kWh/m2/day). This is marginally higher that the total solar
energy measured on 31st May. One of the most significant similarities is that the indoor
temperature is significantly higher than the outdoor temperature when the total solar
energy per day is high. During evening periods, when the occupants confirmed purge
ventilation to be active after 18:00hrs, the indoor temperature remains higher than the
outdoor temperature. This demonstrates the impact of accumulated solar energy during
the evening hours, even after solar radiation begins to decrease.
The peak indoor temperature of 29.5°C, is 5.8°C above the peak outdoor
temperature of 23.7°C. This demonstrates the impact of the building envelope on
overheating, as the external envelope is designed to retain heat for longer periods, to
reduce winter time heat demand from active heating systems. The results of the 04th
June indicate that on a summer day in Ireland where outdoor temperature does not
exceed 24°C, and global solar radiation does not surpass 900W/m², there is potential for
excessive levels of overheating in a dwelling. This is of particular concern where
overheating reduction strategies are not part of the design of dwellings with insulation
and air tightness levels in line with passive house and nZEB standards.
7.1.5 July data analysis
July weather data shows that July had fewer extended sunny periods, when
compared to June. Simultaneous occurrences of overheating in the living area and
bedroom 2 only occur on July 18th and 19th. Occurrences of overheating in bedroom 2
are far more common than in the living area, and in addition to the above two dates,
are measured on 07th, 17th,20th, 21st, 23rd, 24th, 25th, 28th, 29th and 30th of July. The peak
hourly average temperature reached in bedroom 2 is 28°C on 19th of July, between
15:00hrs and 16:00hrs, while the living area reaches 25.6°C. This aligns with trends in
previous months where increased overheating is experienced in bedroom 2, as can be
seen in figure 7.16 and 7.17.
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Figure 7.16 (left) and Figure 7.17 (right). Average hourly temperatures for living room and
bedroom 2 respectively, on 19th July. source: (Finegan, 2020)

The impact of users adapting the space is apparent in the living room on the 19th
July, as the temperature drops between 17:00hrs and 20:00hrs while the space is
occupied, followed by a slow rise in temperature throughout the night time hours as the
rapid ventilation is eliminated, as shown in figures 7.16 and 7.17. This demonstrates the
effect of stored heat within the thermally massive elements of the ground floor space,
as even after sunset, the solar energy stored in the thermal mass of the building causes
an increase in temperature.
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Figure 7.18 Simultaneous measurements of global solar radiation, outdoor temperature,
bedroom 2 temperature, and living room temperature on 19th July. source: (Finegan, 2020)

Although overheating on July 19th is not as excessive as June 04th, the outdoor
temperature is much higher at peak temperature, reaching 26.625°C at 14:59hrs. Solar
radiation patterns on 19th July are much more sporadic, particularly during the late
afternoon and evening periods, as shown in figure 7.18. Global solar radiation drops
below 100W/m2 at 17:29, and does not rise above 100W/m2 for the remainder of the
evening. The gradual increase in temperature seen on June 04th, throughout the
evening, is curtailed on July 19th, by a reduction in global solar radiation. Although the
outdoor temperature remains in the range of 20°C to 26.5°C between 15:00hrs and
18:30hrs, indoor temperatures begin to decline slightly during the same period.
The total quantity of available solar energy on site, as a result of solar irradiation
measurements taken on 19th July 2016, was 3989.57kJ/m2/day (1.1082kWh/ m2/day).
This is marginally lower that the total solar energy measured on 04th June, which can be
attributed to the impact of evening cloud cover. This, combined with a reduction in
indoor temperature, further demonstrates that solar radiation has a much greater
impact on overheating, than the impacts attributed to outdoor temperature. This also
demonstrates the advantage which could be gained by providing shading, during periods
of high solar radiation. Shading as a result of cloud cover reduces the Living room
temperature below that of the outdoor temperature, during the evening period.
Although accumulated solar energy is still high for the 24 hour period, the reduction in
solar radiation later in the day reduces indoor temperatures. During the June 04th
overheating period, the indoor temperature was consistently higher than the outdoor
temperature, while global solar radiation measurements show that there was effectively
no cloud cover.
7.1.6 August data analysis
While no further occurrences of overheating are observed in the living area after
July 19th, bedroom 2 overheats on 15 separate days in August. The most notable piece
of data from August may be the occurrence of overheating as a result of global solar
radiation. Although global solar radiation did not exceed 900W/m2, during the examined
periods on June 04th and July 19th, solar radiation reaches a peak of 1087W/m2 on 08th
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of August, while exceeding 900W/m2 on numerous readings. Figure 7.19 highlights the
irregular levels of global solar radiation measured on 08th August, while overheating is
experienced in bedroom 2 as a result of these patterns in global solar radiation. The
peaks in temperature correlate with peaks in solar radiation, while showing similar time
lags between peak solar radiation and peak temperature.

Figure 7.19 Simultaneous measurements of global solar radiation, outdoor temperature,
bedroom 2 temperature, and living room temperature on 08th August. source: (Finegan, 2020)

The total quantity of available solar energy on site, as a result of solar radiation
measurements taken on 08th August 2016, was 3322.95kJ/m2/day. The greater quantity
of this energy accumulated in the afternoon and evening hours, resulting in overheating
occurring much later in the day. Although peak solar radiation occurred between 10am
and 11am, this is closely followed by a dip below 200W/m2, which clearly provide for
periods of cooling. This is further evidence of the effect of solar radiation on overheating
when accumulated solar gain is considered.
Beyond August, occurrences of overheating occur for short periods in September
and October in bedroom 2. These are not discussed in any further detail in this chapter,
due to the similarities in trends which are observed in previous months. Details of all
occurrences of overheating can be found in Appendix A of this document.
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7.2

Discussion
Current legislation and guidelines aimed at reducing overheating in Irish

dwellings are not as definitive as the legislation aimed at reducing heat demand. This
contributes to a lack of readily available simulation software for predicting overheating
in dwellings. PHPP is readily available but simulates a whole building temperature to
determine overheating frequency, which does not consider varying temperatures in
different zones, as demonstrated in the previous medium-term analysis.
In response to the hypothesis and research questions, the research identifies
that the simulated overheating frequency in PHPP is underestimated by a statistically
significant margin when an average building temperature is compared to zonal
temperatures . The average temperature measured for the test building has shown that
the Tvm method, which aligns with the PHPP model, is not an accurate metric for
predicting overheating frequency within PHPP. The effect of increased heat retention
and climate change, are also shown to result in significantly increased overheating
frequency, when compared to the PHPP simulation for the test dwelling. It is important
to note that the recorded data which was analysed for this research cannot be
generalised, as the design parameters for every dwelling will result in varying indoor
conditions. This research is conducted within a single dwelling, and although the
comparative analysis may be accurate for this dwelling, some of the findings may not be
applicable in the context of dwellings generally. The comparison between indoor and
outdoor temperature to identify correlations may be applicable on a broader scale,
however the magnitude of overheating occurrences will vary in every dwelling. The
quantitative investigation generally proves the hypothesis to be true for this dwelling,
as overheating frequencies predicted by PHPP software simulations are significantly
underestimated when compared to the measured overheating frequency. The effect of
increased heat retention in combination with climate change is also shown to result in
incremental year on year increases in overheating frequency in all climate change
scenarios. Similar trends may be expected in dwellings of a similar typology, however
the exact levels of overheating demonstrated in this research cannot be assumed in
other dwellings.
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This analysis identifies that the use of a volume weighted average dwelling
temperature (Tvm), broadly varies from zonal measured temperatures, and overheating
experienced in some individual spaces within the dwelling is substantially higher than
the average temperature for the dwelling would suggest. The Tvm value suggests that
there are 13 days where overheating is experienced throughout the dwelling during the
test year, however bedroom 2 experiences overheating during 69 individual days. The
living spaces on the ground floor, which represent a greater volume, experienced
between 10 and 11 days of overheating. When averaged with the bedrooms, the lower
occurrence of overheating in the larger volume living spaces arithmetically eliminates
the majority of overheating in the bedrooms.
The comparison between simulated overheating and measured temperatures
highlights the impact of ignoring zoning in an overheating simulation, however the
increased temperatures in the upper floor zones are only made apparent through the
Tvm technique which was applied. Zoning itself is not the reason for increased
temperature or occurrences of overheating. The reasons for increased occurrences in
the bedrooms are partly because these spaces are located on the upper floor of the 2
storey dwelling, and partly down to orientation, thermal mass within spaces, volume of
spaces and occupancy behaviour. These zones must be prioritised to minimise the
impact of overheating on sleeping patterns and occupant health, as bedrooms are
identified as priority zones within the secondary research. The factors contributing to
the variations identified in the comparative analysis are explained below. These factors
are not accounted for in a PHPP analysis, as the model implements a simulation which
closely aligns with the Tvm method when simulating indoor temperature:
Heat transfer from living spaces below exacerbates the overheating issue in the
bedroom zones.
Exposure: the number of exposed walls for heat to escape from each zone is a
contributing factor, as centrally located bedroom 2 on the southwest façade
demonstrates consistently higher periods of overheating to any other space, while
having a much lower exposed perimeter.
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Volume: smaller enclosed volumes on upper floor allow heat to build up more
rapidly.
Thermal mass: with the majority of enclosing elements on the upper floor
constructed of thermally light structures the lack of thermal mass leads to much more
accelerated levels of overheating.
Assumed occupant behaviour: Bedrooms are unoccupied during the day time
hours reducing the likelihood that users will operate windows to cool the spaces until
night time hours.
The implementation of Tvm to determine overheating provides a methodology
whereby the bedroom areas are given lower significance, by virtue of their lesser
volume. It is important to note that the bedroom zones in this dwelling are not occupied
during daytime hours and all three bedrooms benefit from nigh-time purge ventilation.
The bedroom doors typically remained open throughout the day which could result in
heat build-up from bedrooms dissipating into the large volume of the entrance lobby,
resulting in a net daytime cooling effect, as the entrance lobby is predominantly north
facing and at a lower temperature. Occupancy is also a factor as Bedroom 2 is also
unoccupied at night-time. The occupants typically opened windows in all three
bedrooms on a tilt mechanism during night-time hours. Bedroom 2 has a central location
and as a result has less exposed wall area, with lower conductive heat loss through the
thermal envelope overnight as nigh temperatures reduce. This variation in conductive
heat loss is of lesser significance during the shoulder seasons, however mid-summer
more prolonged periods of overheating are apparent in bedroom 2, when compared to
the other two bedrooms, although similar strategies for cooling are implemented. The
patterns in overheating are highly significant however, as all three bedrooms follows
similar patterns, at varying temperatures. All three bedrooms also overheat to a greater
extent than the living spaces below, as demonstrated in chapter 6.
This method, coupled with the existence of the above physical parameters,
which promote variations in overheating throughout various dwellings zones, creates a
scenario where simulated overheating is not aligned with a real-life scenario. Passive
ventilative cooling through the occupied spaces during the day is assumed by PHPP to
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reduce the overall dwelling temperature, yet measurements indicate that there is a
substantial difference between living space and bedroom temperatures. The data
evaluation is specific to this dwelling, and this variation between living and bedroom
spaces may not be indicative of all dwellings built to this standard. For instance, a
dwelling with bedrooms on the ground floor may not experience the same variation in
temperature between living and bedroom zones. For this reason the zonal assessment
is also crucial in determining zonal variations between dwelling typologies. The
variations which may attributed to dwelling typologies are highlighted by Lomas et al.
(2021)in their study of overheating in dwellings across the UK during the summer of
2018, which demonstrates clear variations by dwelling type. Observed overheating
within bedroom spaces are disregarded during critical periods within the empirical
investigation in chapter 6, due to their lower volumetric representation in the Tvm
calculation. These issues, associated with using a building average temperature,
underestimate overheating frequency on a zonal basis.
The simulation of overheating in PHPP relies heavily on climate data sets. These
climate data sets provide monthly average temperatures and solar radiation figures
which are crucial in the simulation of overheating (Morehead, 2010). These averages
overlook the variation in temperature on a day to day basis. The monthly average
method averages hot days with cooler days, while basing these averages on long-term
historic climate data (Mitchell and Natarajan, 2019). This results in the simulated
overheating frequency in PHPP being representative of an average past overheating
scenario, determined to be most closely aligned with the year 2000 in the quantitative
research for this Thesis. The simulation of long-term future overheating frequency in
this research, identifies that simulated overheating frequency for 2020 exceeds that of
the typical current PHPP simulation. Overheating in the test dwelling, under a low
emissions scenario is anticipated to rise from 1.20% in the year 2000, to 19% in the year
2100. Under a high emissions scenario, this may reach 41.18% of a typical year by 2100.
The simulation of overheating in PHPP assists designers in reducing overheating,
through design based intervention. Where the simulation of overheating is
underestimated, design based strategies to reduce overheating will not be adequate.
The simulation of overheating should therefore include future scenarios for overheating,
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to design dwellings to accommodate future conditions. This can be achieved through
the use of DSY and TRY climate data, as recommended by CIBSE (Parand, 2015).
The short-term analysis identifies that bedroom temperatures have a tendency
to peak at a much higher temperature to that of the occupied living spaces. A peak of
29.5°C was experienced mid-summer. This peak is anticipated to be far higher in an
extreme summer, as the summer of 2016 was considered to be an average summer
when compared to long-term average climate data. Peaks in measured solar radiation
are shown to be the primary factor in overheating on a day to day basis, and outdoor
temperature is shown to have a much lower correlation with indoor temperature. The
closer correlation between a rise in indoor temperature and rise in global solar radiation,
may point toward an issue with the adaptive thermal comfort recommendations applied
under CIBSE TM52 and TM59. CIBSE standards rely on an outdoor running mean
temperature (Trm), which is generated to allow for an adaptive indoor temperature
threshold to define when overheating occurs. As Trm increases, the allowable threshold
for overheating increases. This research shows that the outdoor temperature is of much
lower significance during periods of overheating, when compared to solar radiation. This
more require further consideration within future standards, to set adaptive models
which consider solar radiation as a more critical factor to that of outdoor temperature.
This is apparent in bedroom 2, which is facing south-west and is of a lower volume to
the living space below. Increased levels of solar radiation have a much greater and much
quicker impact on this space. The smaller volume increases temperature at a much
quicker rate when exposed to increased levels of solar radiation. When compared with
the entrance hall, which is north facing, the bedroom space is prone to increased
overheating, regardless of outdoor temperature.
The introduction of a 24 hour radar graph to simulations, may assist designers in
determining how the building will perform on a day where high levels of solar radiation
are experienced, in a given month. The current practice of determining how a building
will perform on a month by month basis does not allow for the design of cooling
measures which actively assess how solar radiation impacts the building in real time.
These radar graphs would provide for a more informed design approach, by identifying
particular times of day when overheating occurs. Identifying the time of day, will allow
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for the altitude and azimuth of the sun to be confirmed, to optimise shading solutions,
on a building by building basis. The temperature thresholds for the various spaces
require further research, as little research exists to demonstrate the impact of high
temperatures in living and sleeping environments (Lan and Lian, 2016; Fujii et al., 2015).
WHO recommend that healthy living temperatures are maintained between 18-24°C.
This should be considered a base point for setting thresholds for bedroom
temperatures, until such evidence exists that a temperature in excess of this is
temperature range is safe or healthy (Ormandy and Ezratty, 2012).
7.3

Framework for the development of a PHPP plug in/ revised PHPP model

7.3.1 Outline of requirements
The existing PHPP software incorporates a month-by-month assessment of
overheating frequency, based on monthly average temperature and monthly average
solar radiation figures, as outlined previously. This is broadly aligned with the medium
term analysis conducted as part of this research. The evaluation of data gathered on site
indicates that this method underestimates overheating frequency, and restricted
overheating to a very short window mid-summer. The evaluation of this data has
resulted in more precise monthly and daily assessment techniques, which could be used
to develop a spreadsheet based plugin, incorporating VBA macros, which can utilise
existing data within a PHPP assessment to provide a more precise overheating
assessment for all new dwellings. The proposed assessment would provide a short term,
medium term and long-term analysis, which is solely reliant on accurate climate data for
the production of these assessments. This is outlined below, in the form of long term,
medium term and short-term climate data.
7.3.2 Medium-term climate data based analysis
The existing medium term climate data which is provided within PHPP, is used to
determine overheating frequency across a single year. The climate data used is an
inaccurate representation of current climate conditions. The medium term climate data
currently used within PHPP assessments should be replaced with a data set in which the
current year (year in which the building is assessed) is the median year for the climate
data set. This will require a 20-year climate data set, which includes 10 years of past
data, and 10 years of future data, and which incorporates climate predictions in a
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medium emissions scenario. Although the current approach relies on measured past
data, the averaging process over a 20 year period smooths out the impacts of climate
change over the period of the data set. Providing 10 years of measured data, followed
by 10 years of forecast data which is based on the initial 10 years of measured data,
would provide a similar solution to that of the current scenario, but would be based on
projected figures and not past figures. This may more closely align with a current
projection of overheating. When considering climate change over recent decades, the
current approach to using historic data only is underestimating current overheating
patterns. Although no simulation can accurately mimic a post occupancy scenario,
replacing the current PHPP approach with a current climate data set will ensure design
based overheating mitigation strategies are not overlooked or under designed. It is
estimated that this approach will be more closely aligned with current dwelling
performance. Alongside this, a DSY simulation should be run to identify the variation in
overheating frequency between the LTA data and DSY data.
7.3.3 Long-term climate data based analysis
In combination with a more current typical climate data set which is provided
within PHPP, two long term adjusted data sets should be included to address the impacts
of climate change as a result of high emissions (RCP8.5), and medium emissions (RCP4.0)
scenarios, for the purposes of overheating simulations. This will demonstrate the impact
of climate change on overheating in all PHPP assessed dwellings, allowing passive
measures to be introduced to reduce future overheating, while the impact of these
measures can be analysed using PHPP at design stage. The current representation of
overheating as a percentage of year may be the most applicable to demonstrate the
long term impacts of climate change, in order to compare decade on decade changes.
This trend should be represented using trend graphs, per the sample data presented in
figure 7.20. Trends should be determined based on typical climate data extracted from
Meteonorm which uses 20 year averages for each period, while future data sets to
determine the impacts of climate change should also be included.
A second DSY data set to predict overheating frequencies in a single year for the
most recent extreme summer should be incorporated to demonstrate the impact of an
extreme summer. The trend line equation from the typical climate data set should be
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extracted, and using the methods outlined earlier in this research a future cast
overheating frequency for future DSY’s in each decade can be predicted. This will
demonstrate the effect of shading and cooling strategies in typical conditions and
extreme conditions.
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Figure 7.20 sample graphic representation of future overheating scenarios based on LTA
climate data and DSY climate data with future cast DSY overheating frequency. source:
(Finegan, 2020)

7.3.4 Short-term overheating analysis
For the short-term analysis a single day should be selected in each month to
determine the peak indoor temperature and extent of overheating in a single day where
overheating occurs. This day should represent the extreme day experienced in each
month during a DSY. This will allow designers to determine the impact of shading and
cooling strategies on the indoor temperature on a given day, as opposed to the current
method of minimising annual overheating. This approach would require a more detailed
analysis of the building, through the application of a room by room area and volume
calculation, alongside an assessment of enclosing elements, to determine the heat
losses and gains within each zone. This may be preferable in a separate linked excel
spreadsheet, which relies on PHPP building component performance data. A radar
graph should be included in accordance with figure 7.20, to identify the performance
within each zone of the dwelling. Further research is required to determine the structure
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of a climate data set for a daily analysis, however this research indicates that the total
quantity of solar energy (kJ/m2/day) may be a more informative factor in daily data sets,
when compared with average solar intensity (W/m2), referred to as global solar
radiation in PHPP. Various thresholds should also be included, while zoning the building
in PHPP, to determine the temperature in various zones of the building. This allows for
thresholds for sleeping zones to be adaptable from that of living space thresholds.

Sample Daily Temperature Graph
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Figure 7.21 sample graphic representation of daily overheating with advised thresholds.
source: (Finegan, 2020)

The application of this framework will require further development of prototype
software plugins which align with the tiered approach outlined in preceding discussions.
Once these steps have been taken this could be introduced to industry as a commercially
available design tool. This will involve an interdisciplinary approach to developing
further research, which incorporates user experience (UX) design processes to simplify
the process of integrating a more complex simulation into dwelling design processes.
7.3.5 Application of three tired approach generally
The application of a more robust overheating simulation may be possible within
PHPP through the adoption of a new methodology for simulating overheating frequency
as outlined above. The inclusion of more current climate data, outlined under the
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medium-term analysis section, would represent a crucial starting point within PHPP to
eliminated errors associated with historic climate date. Revised PHPP software is issued
occasionally, and this would require the updating of all climate data sets within the
software. As updating of climate data is an occasional requirement in PHPP, this would
simply require a different approach to generating the climate data in future, as opposed
to large scale changes to the PHPP methodology. The same principle may apply to the
long-term simulation, to simulate future performance, although this will require the
inclusion of more than one climate data set per location. The use of Meteonorm
software to generate these data sets is recommended. The application of these two tiers
of assessment support the findings of McLeod et al. (2013), which identified key issues
with overheating performance in Passivhaus dwellings in the UK, for both current and
future periods. The recommendations of this research also building on these findings in
presenting a proposed method to narrow the gap between simulated overheating
performance and post occupancy performance.
The short-term analysis of overheating is a more time intensive approach, and
as such may be more suited to a standalone assessment/plug in, which is reliant on PHPP
data to generate a short-term overheating analysis. This approach aligns with current
recommendations from (Hopfe and McLeod, 2015), as they highlight that PHPP
overheating simulations are not adequate for determining short term occurrences of
overheating. This may not be a specific requirement for the Passive House Institute to
address, as it requires further research to develop the method beyond the concept
presented in this research. This may be achievable through further research within
research Institutes, as outlined in the recommendations of this chapter.

7.4

Conclusion
The short-term analysis identifies the extent of overheating in the living space

and bedroom 2, during individual days in each month. Global solar radiation is shown to
have a greater impact than outdoor temperature, as overheating is demonstrated on
the 14th March 2016. During mid-summer periods of overheating, indoor temperature
consistently exceeds outdoor temperature, correlating with high solar radiation
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readings. Natural ventilation is shown to be inadequate when it comes to reducing
indoor temperature, even when outdoor temperatures are below 25°C. This
demonstrates the impact of a well-insulated and airtight building envelope, as solar
energy is absorbed at a greater rate than it can be released from the enclosed spaces.
This also demonstrates an oversight in adaptive thermal comfort thresholds by CIBSE,
which are linked to running mean outdoor temperatures. There is a much greater
correlation between increased levels of solar radiation and indoor temperature in this
study, than outdoor and indoor temperature.
Generally, the application of overheating frequency in PHPP assessments is
shown to provide a useful tool for designers of new dwellings, although it requires
further enhancements to address long-term, medium-term and short-term overheating
patterns simultaneously. These enhancements are feasible through a combination of
revised climate data in PHPP and the development of stand-alone plug ins which rely on
PHPP data, specifically in the context of the short-term analysis, and zonal analysis.
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Chapter Eight
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Chapter Eight
Conclusions and Recommendations
8.0

Introduction
This chapter provides synthesis to the research. The background, framework,

aims and objectives, and how the findings of the empirical investigation inform existing
theory are all concluded within this chapter. Based on this research, there is a necessity
to identify how overheating can be more accurately gauged at early design stage of all
new dwellings, in order to provide for an integrated design approach to reduce
overheating in new dwellings. Throughout the research, overheating is found to be far
more prominent in nZEB and PH dwellings, than simulations predict.
8.1

Key findings of the research
They key findings of the research identify that overheating in low energy

dwellings is a growing issue, while the empirical investigation identifies the extent of
overheating in a test dwelling which meets nZEB standard, while also closely aligning
with Passive House standard. The objectives of the research are set out in Table 8.1
while the key findings of the research are mapped alongside each of the original
objectives, to define the outcomes achieved from each objective. This is subsequently
followed by a discussion on these findings, with recommendations as to how these
findings can inform a more robust method of simulating overheating frequency in
Passive House and nZEB dwellings. Objective no. 5 is not included in the below table 8.1
as this emerges from the findings of objectives no. 1-4 and is addressed within the
recommendations section of this chapter.
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Objectives

Findings

Impact

1. State of the art literature review
identifying relevant national and EU
legislative standards.

Regulatory framework needs to be more
robust.
Mandatory overheating simulation required.
Future overheating simulation.
2. Simulate overheating frequency in an Irish Zonal overheating significantly greater than
dwelling using PHPP, and compare to
dwelling average.
measured indoor temperatures on site for a Measured overheating frequency exceeds
12 month period.
simulation.
First floor zones are impacted to a higher
degree to ground floor zones.
3. Develop and analyse a set of time series
Current climate data sets are historic LTA data
analyses in PHPP, using custom climate data and do not represent current overheating in a
sets based on IPCC high, medium and low
single year.
emissions scenarios for each decade
Overheating under low, medium and high
between 2020 and 2100.
emissions scenarios will increase significantly
this century.
Climate data based on single year data is
significantly higher than simulation and
proportionally higher in the future
4. Analyse the findings of the time series
Short term assessments to determine daily
analysis and comparative analysis, to
overheating could better inform designers
identify gaps in existing theory which could
Medium term analysis across a year could be
be improved upon to reduce identified
more informative on a zonal basis
variations between simulated and measured Long term assessments up to 2100 could
overheating.
provide for dwellings designs which mitigate
the impact of climate change on overheating

Significant:
designers may be unaware of current overheating issues
and as a result future overheating is likely to increase.
Significant:
PH designers may assume overheating issues have been
addressed in PHPP but zonal temperature issues may
exist
annual overheating method may average out days where
overheating occurs.
Significant:
Future simulations are currently not mandatory for new
dwellings
increase cooling demand in future scenarios
Increased energy consumption from that of the currently
simulated nZEB targets

Significant:
more robust and mandatory simulation of overheating,
to assesses short medium and long-term overheating
may lead to a reduction in energy demand associated
with cooling in the future
healthier living conditions.

Table 8.1 Objectives of research and key findings emerging from each objective, with impact of each finding specified
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8.2 Key findings of the research - discussion
The state of the art literature review conducted as part of this research,
highlights gaps in how nZEB standards for dwellings are developed and implemented
across Europe. The implementation of the EPBD requires that all new dwellings are
designed to accommodate reduced energy consumption, while giving due regard to
general indoor climate conditions. Within Ireland the application of the Building
regulations, Technical Guidance Document, Part L 2019, sets guidelines to reduce energy
associated with heating dwellings. The same is true of the Passive House Standard,
which is applied broadly throughout Ireland, and further afield. A key concern with
reduced winter heat demand, is that building envelopes are inherently designed to
retain heat for longer periods, predominantly through reduced u-values and air
infiltration. The mandatory DEAP assessment in Ireland does not calculate an
overheating frequency, however a PHPP analysis does. The author suggests that the
PHPP analysis provides an over simplistic calculation of overheating frequency, based
on a central building temperature.
As the building envelope is a contributing factor to overheating, the specification
of the various elements which make up the building envelope must be carefully
considered in the design of a low energy dwelling. The design of a building envelope
which retain heat for longer periods, results in dwelling envelopes which retain heat for
longer periods during warmer months as well as colder months. As summer time
temperatures are higher, resulting in a lower ΔT value, heat is retained for longer
periods as temperatures rise. If solar gain is not controlled in the summer, this will lead
to increased overheating, when coupled with reduced losses, due to a higher outdoor
temperature. Modern glazing specifications reduce losses through glazing, thereby
increasing indoor temperatures. While providing useful winter time solar gain, through
optimisation of u-values and g-values for glazing systems (Fosas et al., 2018) this solar
gain is the primary contributing factor to overheating during warmer periods.
One of the objectives of this research was to determine if significant variations
between PHPP simulations and measured overheating exist. The comparative analysis
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of simulated and measured overheating frequency identifies clear variations between
onsite performance and PHPP simulated performance. These variations are not wholly
attributed to an inaccurate PHPP simulation, but to the use of long term average
monthly data in the incorporated climate data, coupled with the implementation of a
single dwelling temperature within the simulation, which varies substantially if the
dwelling is broken down into various zones. Findings from this analysis are published in
Building Research & Information, Volume 48 Issue 6 (Finegan et al., 2020).
The development of a time series analysis identifies that the impact of climate
change on overheating in a typical Irish dwelling will be significant. A high emissions
scenario could result in overheating occurring in many Irish dwellings for up to 40% of a
typical year by the year 2100. Even in a low emissions scenario this could be in excess of
19% of a typical year in many dwellings, as nZEB standard becomes the norm. With many
Irish dwellings not incorporating active cooling measures, design standards must be
considered to combat the effects of overheating in dwellings.
The quantitative analysis identifies that an increase in solar radiation is of much
greater significance when compared with outdoor temperature. This is of particular
significance when the impact of solar radiation is considered during prolonged periods
throughout the day. The delay attributed to the absorption of solar radiation by the
thermal mass within the building, is shown to significantly delay the impact of high levels
of solar radiation for up to 3 hours. The use of a pyranometer to identify the timing of
peak solar radiation readings and peak indoor temperature readings provides a novel
approach to building monitoring. Energy entering the building is in the form of short
wave solar energy through glazing, which is converted to long wave radiation as it is
absorbed and re-emitted by elements of high thermal mass. The delay in this release of
energy within the space makes it difficult to implement automated and responsive
cooling strategies. Shading strategies which reduce solar gain to living spaces in summer
may be more responsive methods of reducing indoor temperature. Findings for this
short term analysis were presented at IMC33: 33rd International Manufacturing
Conference.
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The development of radar graphs for the short term analysis provides a new an
novel approach to assessing indoor temperature while mapping these temperatures
against acceptable indoor temperature bands. It is anticipated that this graphing
method, along with the approach to the application of short-, medium- and long-term
overheating analysis developed as part of this research, can provide a platform on which
to develop a new assessment technique for assessing overheating frequency in nZEB
and PH dwellings in Ireland.
The general analysis of overheating periods within the test year, result in a
common conclusion; the high thermal resistance associated with the thermal envelope
of nZEB and PH dwellings, coupled with increased levels of solar radiation, will result in
increased overheating. The building envelope is designed to minimise losses through
long wave radiation, thereby increasing overheating frequency.
Climate theory is generally a specialised area of study which is outside the remit
of many building designers. For this reason it is crucial that an interdisciplinary approach
is taken to redeveloping tools such as PHPP and any associated plug ins. The
development of a plug in for PHPP, which extracts all relevant data from PHPP, while
applying high resolution climate data for future predictions, and an extreme day within
each month, may require professionals with climate knowledge, building related
knowledge, and an individual with a strong understanding of coding in order to link any
new plug in to data from meteorological packages and building packages (like PHPP). An
appropriately developed tool may be capable of extracting relevant building data from
multiple existing platforms (such as DEAP, SAP, PHPP), and may require expert
knowledge in understanding the background coding in multiple software platforms.
With a multidisciplinary approach a plug-in tool may be made available for dwellings
assessed in multiple energy assessment packages, on a phased basis starting with PHPP.
Any such plug in would reduce the requirement to conduct entirely separate building
envelope analysis for energy demand and overheating purposes. This ensures that the
impacts of current and future climate trends are accurately reflected in climate data
used to determine overheating patterns in dwellings. This study identifies that the
impact of meteorological factors, particularly that of solar radiation, are highly
significant on a short-term, medium-term and long-term basis. Previous research has
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demonstrated that the application of standards is more of an issue in maintaining indoor
environmental conditions, than that of the content of the standards themselves. The
development of more robust simulation tools through interdisciplinary means is
therefore crucial in ensuring the application of building standards at design stage, to
minimise the impact of overheating on building occupants.
This research concludes that there is a necessity to introduce overheating
assessment methods in dwellings, which are currently in warm summer climates, and
not just in hot summer climates. This will maintain current progress in reducing energy
consumption in dwellings, by ensuring a holistic approach is taken to reducing energy
consumption associated with cooling, alongside the current heating demand
requirements. Current levels of overheating are in excess of PHPP simulations, and a
revised simulation tool is necessary if overheating is to be reduced in nZEB and PH
dwellings. This can be achieved through the three tiered approach outlined in this
research and through the application of a more robust assessment tool, as outlined in
the framework for the development of a revised PHPP plug in. While this will provide
dwelling designers with a platform to address overheating in dwellings, the simulation
of overheating, and design of shading and cooling strategies must not be an optional
assessment. Legislation is necessary to introduce mandatory overheating assessments
for all new dwellings, alongside space heat demand. The focus of many energy rating
systems across Europe has been on reducing reliance on fossil fuel required for heating
purposes, while cooling demand and general summer time energy consumption must
now be addressed as the impact of climate change on overheating in nZEB dwellings is
now clear.
8.3

Recommendations

8.3.1 Recommendations to Passive House Institute
The inclusion of overheating assessments in PHPP simulations provides a
platform where a dwellings overheating performance may be assessed and overheating
minimised, but only based on an annual overheating percentage, and using monthly
average climate data for a typical year. The recommendations for improving this
overheating simulation apply a three-tiered approach to simulating overheating as
follows.
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Include data sets for a design summer year (DSY), which is recommended by
CIBSE:
The implementation of this step requires the generation of revised climate data
sets for all locations within PHPP. This provides an annual overheating calculation which
is representative of a single summer, as opposed to a typical summer averaged over 20
years. The representation of overheating frequency as a percentage should also be
discontinued, in favour of a number of days per month were overheating may occur.
Future overheating analysis:
From the DSY data sets, a future scenario for each decade up to 2100 should be
included, to identify future overheating as a result of climate change. The data sets
should be generated for the start of each decade, over an 80 year span. An approach to
adjusting temperatures within the existing datasets is not appropriate, as this study
shows that the impact of outdoor temperatures on overheating has a much smaller
impact than increased solar radiation. A full regeneration of climate data sets for each
decade is required to include all meteorological parameters included in the current
datasets.
Short-term Analysis:
A short-term analysis should be included to determine the peak indoor
temperature reached within a single day where skies are clear, with maximum monthly
temperatures applied. This should be coupled with a number of days where this is likely
to occur in a typical, and extreme year.
Zonal analysis:
The impact of glazing areas, space volume and occupancy, for all dwellings zones
should be included independently, to determine the impact of zonal locations on
overheating. Occupant behaviour should only be considered in specific zones, when they
are likely to be occupied. This allows for a more robust overheating reduction strategy
to be designed based on hazard mapping within the individual zones. Bedroom zones
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should be considered high impact zones, as sleeping patterns are impacted if
overheating is experienced in these zones.
The general recommendations to PHI can be applied via the framework set out
in the preceding chapter.
8.3.2 Recommendations to Policymakers
Irish legislation should consider the following recommendations to address
growing issues with overheating in nZEB dwellings:
1. Mandatory overheating assessment for all new dwellings. Since the
introduction of Part L 2019, there is a requirement for all new dwellings
to meet nZEB standard. This is confirmed by calculating energy
consumption with a DEAP analysis, which does not account for energy
consumed to cool a dwelling. This research shows that overheating
increases as a result of increased heat retention in nZEB dwelling
envelopes. The inclusion of an internal summer temperature calculation
in DEAP, which accounts for glazing g-value, overhangs, blinds and
curtains, needs to be developed further to assess the impact on cooling
demand. Without the inclusion of a more robust approach to assessing
overheating

an increase in energy consumption to satisfy cooling

requirements may emerge, resulting in dwellings which may not fail to
meet nZEB standard in the future, when cooling demand is included.
2. Energy assessments based on future climates and meso-climates must be
considered. Cooling demand will increase as a result of climate change.
This could be achieved by incorporating an option in DEAP to input a
PHPP calculated space heat demand to replace the existing heat demand
calculations in DEAP, along with inputs for cooling demand, based on a
revised PHPP overheating methodology. A mandatory assessment of
overheating should include a calculation for each decade, up to 2100 to
ensure the longevity of nZEB dwellings built in the immediate future.
3. Part L standards should also include a mandatory standard for glazing
systems, which extends beyond u-values alone. The impact of solar gain
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must be considered in both winter and summer. The current inclusion of
an internal temperature calculation for summer in DEAP, based on the
inclusion of glazing g-values, and shading from blinds and overhangs,
should be supplemented by minimum solar transmittance (g-value)
standards for glazing. Without adequate design guidelines there is a risk
that solutions such as tinted glazing could be introduced in dwellings to
reduce overheating. Consequently, an increase in space heat demand
would be evident in winter. Guidelines must be provided on glazing
systems to optimise G-values of glazing, while providing a shading
solution which reduces overheating and promotes winter time solar gain.
8.3.3 Recommendations to Industry
The design of all new dwellings requires an assessment of overheating going
forward. Whether legislative requirements outline the need to address this issue or not,
there is a clear and growing issue with overheating in low energy dwellings. The energy
consumption of dwellings relies on well insulated building envelopes which retain heat
for long periods, which should be promoted to reduce GHG emissions associated with
buildings generally. It is recommended that designers assess the building envelope for
overheating simultaneous to wintertime heat demand going forward. It is also
recommended that the integration of shading is included in all new dwelling designs to
minimise the impact of high levels of solar radiation in summer months. It is clear from
this research that solar radiation has a much greater impact on indoor temperature than
outdoor temperature, therefore overheating mitigation strategies should be based on
reducing the impact of solar radiation.
The simulation of overheating and design of dwellings must also consider future
performance. Although overheating may represent a small percentage of annual hours
in a typical year under current conditions, assessing and designing new dwellings based
on current heat wave conditions may be more appropriate. This is supported by a
number of sources including Tham et al. (2011), as recent once per decade heat wave
conditions may represent a typical summer by 2040 in a high emissions scenario, and a
typical summer by 2060 even in a medium emissions scenario. It is therefore
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recommended that all dwelling designers consider this during the design of all new
dwellings.
8.3.4 Recommendations for future research
This research focuses on a standalone dwelling unit in a single location. Further
research to identify the impact of varying location and building type may be required.
The below outlines recommendations for further research:
1. Additional research is required to monitor the impact of high
temperatures in bedroom zones and living zones independently. Thermal
health studies to identify the impact of overheating in sleeping zones is
crucial in identifying if a lower threshold of 24°C should be mandatory for
bedrooms, in accordance with WHO recommendations for healthy living
environments. The determination of living space thresholds may also
need to be redefined based on a health-based threshold. Existing
research indicates that high temperatures induce cardiovascular stress,
and in particular while sleeping, but this must be analysed across a much
broader array of samples, and in a much broader array of conditions to
determine if overheating thresholds should vary based on the use and
occupancy patterns of each room.
2. Similar quantitative studies should be undertaken in various construction
typologies, to determine the impact of the various typologies on
overheating. This should also be considered in the context of multi-unit
developments with dwellings of varying orientations and forms. The
zonal assessment in this research indicated that a central bedroom on
the upper floor experienced considerably higher quantities of
overheating to any other space in the dwelling. This may indicate that
mid terrace dwellings, or upper floor apartments will experience far
greater levels of overheating than lower floors, or standalone units.
Research into how the individual typologies vary is crucial in identifying
how overheating must be addressed in these typologies.
3. Further research into multiple units simultaneously may also assist in
smoothing out any errors as a result of typical variations due to occupant
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behaviour. The occupants in this study actively engaged with the
environment to promote natural cooling, and this will vary across
multiple units.
8.3.5 Considerations for future researchers
The application of an empirical investigation is time intensive, and in this project
required the use of expensive equipment. The development of the methodology was
based on existing studies into overheating in European nZEB and PH dwellings, which
identified the need for high-resolution data, resulting in more than 7 million readings
for analysis and evaluation in this research. The study is limited to a single dwelling for
this reason. The study is also limited to masonry construction, which was identified as
being a parameter which defines the most predominant dwelling typology in Ireland.
The use of a pyranometer was necessary in identifying the key causes for
overheating within the short-term analysis. This was crucial to the research, in
identifying the measured levels of solar radiation during periods of overheating, while
also providing solar data, which was used to construct a climate data set from measured
meteorological data. This also limited the study to a single dwelling, due to a lack the
availability of this equipment for more than one dwelling.
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Appendix A – quantitative investigation raw data
The data sets for this research are available in digital format only, to reduce
paper use, and provide a more interactive experience for the user. Printed versions, or
PDF versions are not supplied, as the data contains over 7 million readings, which are
best viewed in their raw data format. Viewing requires Microsoft Excel software. These
data files are available to examiners through the graduate studies office at Munster
Technological University.
Please note that data files will only be accessible in ‘read only’ format. Sharing
of this data, with any other person who has not been granted direct permission, is
strictly prohibited. Copyright of this data remains with the Institute and the author and
sharing of this information without consent may be deemed an infringement or breach
of copyright.
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